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Abstract 
SIMULATION OF ROOM AIR CONDmONER PERFORMANCE 
Brian David Bridges, M.S. 
Deparnnent of Mechanical and Industrial Engineering 
University of Dlinois ~t Urbana-Champaign, 1995 
Clark Bullard, Advisor 
A room air conditioner simulation model has been developed, and validated experimentally. 
This report describes the assumptions made in the governing equations along with the process used 
to estimate a few empirical parameters, based on experimental data. 
The system model uses the Newton-Raphson method to solve its governing equations. 
This approach allows variables to be "swapped" with parameters, for example to solve for. the 
condenser or evaporator area neCessary to attain a given EER. This Newton-Raphson solver also 
has the capability to perf011ll sensitivity and uncertainty analyses. 
The ACRC room air conditioner model contains governing equations based on an extensive 
set of experiments with a I-ton Amana test unit and a 1.5-ton Whirlpool unit. Both of these data 
sets were taken using power measurements and externally-mounted thermocouples. The next step 
in the model validation will be a data set including refrigerant-side thermocouples and pressure 
transducers. This will allow the effect of intrusive instrumentation to be assessed. Additionally, 
the accuracy of swface thermocouples can be compared to that of immersion thennocouples. 
Validation of the model has been perfonned on a component and system level. The 
prediction of each of the component models has been documented in this report. The compressor 
maps and charge inventory equations proved to be the primary sources of uncertainty. The 
accuracy of the system simulation model in several modes of operation is also reported. When 
subcooling and superheat are specified, the system model was found to be quite accurate in terms 
of evaporator capacity and EER (1 % and 5% average error, respectively). The average error in 
system model prediction of capacity and EER during simulation mode was larger (-5% and 6%, 
respectively) mainly due the uncertainty associated with the charge inventory equations. Several 
appendices document the component level analyses in more detail and also provide a user's guide 
to the model. 
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Chapter 1 
Introduction 
Increasing pressures on room air conditioner manufacturers to produce more efficient 
designs have prompted the need for a flexible design and simulation tool. The Air Conditioning 
and Refrigeration Center (ACRC) room air conditioner model (RACMOD) has been developed to 
meet that need. 
1.1 Background 
Hahn and Bullard (1993) developed an initial version of the ACRC room air conditioner 
model, based on governing equations embedded in the Oak Ridge National Laboratory (ORNL) 
heat pump model (Fischer and Rice, 1983) and modifications to those equations for room air 
conditioners (O'Neal and Penson, 1988). Approximately 100 governing equations were used, 
most of which were taken directly from the ORNL model. However, Hahn and Bullard solved the 
equations with the Newton-Raphson (NR) method rather than using the ORNL model's successive 
substitution algorithm. The NR method allows the governing equations to be listed in any order 
(separately from the solution logic), so that they are easier to understand and modify. This method 
also made it possible to "swap" parameters and variables in the governing equations without 
changing the solution logic, for example to solve for the condenser or evaporator area needed to 
achieve a specified energy efficiency ratio (EER). Hahn and Bullard also added improved 
refrigerant-side two-phase heat transfer correlations developed at the ACRC (Wattelet et al., 1994; 
Dobson et al., 1994). 
Mullen and Bullard (1994) improved the model by changing most of the governing 
equations. They added charge inventory equations and two-phase refrigerant pressure drop 
correlations developed by Souza et al. (1994). A finite-difference capillary tube developed by 
Peixoto and Bullard (1994) was also implemented. as an alternative to the curve fit of the ASHRAE 
capillary·tube data which was used by O'Neal and Penson. In addition, speed enhancements 
including sparse-matrix Gaussian elimination and sparse-matrix Jacobian calculation were added to 
the NR solver. This resulted in a typical solution time of less than a minute on a desktop 
computer. 
1.2 Purpose and Approach 
Most inputs to the ACRC simulation model are geometric parameters such as tube 
diameters and fm dimensions. However, a few empirical parameters are also required. This report 
describes the method used to estimate those empirical parameters, based on measurements taken at 
a single operating condition (rating point) for a Whirlpool1.5-ton room air conditioner (Model # 
106.9721851), based only on power measurements and 47 externally mounted thermocouples. 
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Model predictions are presented for various modes of operation, arid compared to a data set 
spanning a broad range of indoor and outdoor temperatures, and wet- and dry-coil conditions. 
Further improvements in the simulation model are also described in this report. A simple 
evaporator dehumidification algorithm has been developed and added to the simultaneous equation 
set, replacing the ORNL external subroutine originally used. Mter comparing various void 
fraction correlations to experimental results, a correlation developed by Thorn (1964) was inserted 
into the charge inventory equations. In addition, a wavy fin air-side heat transfer correlation was 
added to the simulation model (Xiao and Tao, 1990). The current version of the model allows the 
user to specify whether the heat exchangers have plain fins, louvered fins, or wavy fins. 
A schematic of a typical room air conditioner system along with the state point definitions 
used by the simulation model is shown in Figure 1.1. The system simulation model now contains 
over 160 equations which include a three-zone condenser, an adiabatic capillary tube, a two-zone 
evaporator with dehumidification, and a compressor model based on manufacturer performance 
maps. 
3 20 2i 1 
4 
Compressor 
Capillary tube 
6 
7i 70 9 
Figure 1.1 Schematic of room air conditioner model showing state points 
The component models rely on heat transfer and pressure drop correlations. The sources of the 
correlations used in both the original ORNL model and RACMOD are listed in Table 1.1. 
Table 1.1 Correlations used by RACMOD and the ORNL heat pump model 
ORNL heat pump RACMOD 
Condenser heat transfer -
Subcooled Dittus and Boelter (1930) Same 
Superheated Kays and London (1974) Same 
I Two-phase Hiller (1976), Travis (1973), Dobson et al (1994) and Rohsenow (1973) 
Air-side Gray and Webb (1986) Same 
Nakayama and Xu (1983) 
2 
Table 1.1 Correlations used by RACMOD and theORNL heat pump IJlOdeI (cont.) 
This report documents the major assumptions made in RACMOD along with the strategies 
used to improve its predictive capability. In addition to the component models, certain 
characteristics of the room air conditioner which could not be easily modeled are represented by the 
estimated parameters. These parameters are described in more detail in the following chapters. 
The current predictive capability of the simulation model is also documented in this report. 
. Comparisons to experimental measurements are made on a component and system level. This will 
help identify the components that contribute the most to prediction errors in the system model. The 
predictions were compared to extensive test data. 
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2.1 Introduction 
Chapter 2 
Experimental Validation 
The purpose of this chapter is to document the methods used to estimate the parameters 
needed to simulate room air conditioner performance. To keep the size of the model manageable. 
several simplifications and assumptions were required: uniform air flow and temperature across the 
heat exchangers. constant conductances in each zone of the heat exchangers, and treating multiple 
refrigerant circuits in the evaporator and condenser as identical heat exchangers. Additional 
assumptions are documented for the individual component models in Chapter 3. 
Due to these simplifications and other effects that are not easily modeled, a few empirical 
parameters are necessary to accurately simulate room air conditioner performance. These 
parameters include constant corrections to the air-side heat transfer coefficients, air recirculation 
fractions, condensate spraying efficiency, and heat transfer at the compressor and connecting lines. 
The parameters were estimated from tests conducted in a calorimeter room using external 
instrumentation on a 1.5-ton Whirlpool room air conditioner. A more detailed description of the 
test facility and its accuracy is provided by Rugg and Dunn (1994). In order to assess the accuracy 
of the simulation model at off-design conditions, a test matrix was designed to span a large range 
of operating conditions. It is described at the end of this chapter. 
Parameters were estimated at the dry-coil and wet-coil rating points. These points are used 
by air conditioner manufacturers to rate the performance of their designs, and are set by the Air 
Conditioning and Refrigeration Institute (ARI). These particular rating points are taken from the 
1989 ARI Standard 210/240. The indoor and outdoor conditions of each rating point test are 
shown in Table 2.1. The various estimated parameters are described in more detail in the next 
section. 
Table 2.1 Rating points 
Indoor Outdoor 
Test Tdb Twb Tdb Twb Fan 
fF] fF] [OJ<] [OJ<] Speed 
Dry-Coil 80 57 82 65 High 
Wet-Coil 80 67 95 75 High 
2.2 Description of Estimated Parameters 
The following estimations are based on measured inlet conditions of the refrigerant and air. 
Pressures throughout the system were estimated from refrigerant properties at the measured 
saturation temperatures, and from pressure drop correlations listed in Table 1.1. Air flow rates 
4 
were obtained from manufacturer measurements, while the refrigerant mass flow rates were 
estimated from the refrigerant-side energy balance. 
2.2.1 Heat Exchan"r Heat Transfer Correction 
The heat exchanger submodels rely on corrections to improve their heat transfer prediction. 
These corrections are required to account for simplifications and assumptions of the heat exchanger 
models. It was decided to apply these corrections to the air side since they account for almost 80% 
of the total heat transfer resistance across the heat exchanger coil. A constant correction was used 
due to the limited range of operation of the heat exchangers during normal conditions; for example; 
the air flow varies by only 20% from low to high fan speed. Therefore, the range of air velocities 
do not allow estimation of the Reynolds number exponent in the air-side COIrelationS. 
2.2.2 Air Recirculation Fractions 
The air recirculation that occurs at both the condenser and evaporator is important to 
estimate, since it is a source of wasted heat transfer potential. From preliminary experiments, a 20 
OJ< temperature gradient was measured across the evaporator inlet, translating into a recirculation 
fraction of 0.12. Therefore, to simplify the parameter estimation for the evaporator, a recirculation 
barrier was installed to eliminate its air recirculation. Consequently, the recirculation fraction for 
the evaporator could be set to zero and the air-side heat transfer coefficient determined more 
accurately. A more detailed discussion of this subject is provided in Chapter 3. 
Air recirculation can occur at both the condenser inlet and outlet The recirculation at the 
condenser inlet is determined from the difference between the average condenser inlet air 
temperature and the average outdoor air temperature. The recirculation at the condenser outlet 
occurs when the condenser rms not span the entire exit grille, and can be determined from flow 
visualization and air flow estimates. 
2.2.3 Condensate Spray Efficiency 
During dehumidification of the indoor room, the condensate from the evaporator is used to 
enhance the heat transfer occurring at the condenser. This enhancement is obtained with the use of 
a "sling ring" mounted on the condenser fan, which sprays the evaporator condensate onto the 
condenser. The efficiency of this process can be estimated from the wet-coil data, and is also 
documented in Chapter 3. 
2.2.4 Compressor and Refrie;eraot Line Heat Transfer 
A final set of parameters to be estimated from the test facility measurements are the heat 
transfer coefficients for the compressor and each of the refrigerant connecting lines. The 
compressor heat transfer can be determined from the difference between the measured compressor 
power input and the enthalpy 4ifference measured across the compressor. The heat transfer from 
the refrigerant lines (discharge, liquid, and suction) can be estimated from the enthalpy differences 
across each. 
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2.3 Test Matrix 
In order to validate the simulation model as a design tool, the prediction of the model for a 
wide range of off-design conditions had to be demonstrated. For this purpose, an extensive test 
matrix was created. This test matrix was designed to span the entire range of the compressor 
performance map within the capabilities of the environmental chambers. 
An initial data set has been taken using only surface thennocouples. This same test matrix 
will be repeated using refrigerant-side instrumentation, which includes immersion thermocouples, 
pressure transducers, and venturi mass flow meters. This will help determine the accuracy that can 
be obtained using surface instrumentation alone. In addition, the effect of intrusive refrigerant-side 
intrumentation on system operation can be estimated. 
....... 
~ 
0 
....... 
... 
.8 
-:s ~ 
A diagram of the test matrix is shown in Figure 2.1. 
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Figure 2.1 Test matrix 
Legend 
o TestPoint 
® Test Point that is 
also a Typical 
Rating Condition 
L,M,H Dry~il Fan 
Speeds 
hurn Wet-coil Tests-
low and high fan 
speeds at several 
different indoor 
room relative 
humidities 
Note that the moist air tests consisted of two fan speeds and either two or three relative humidities 
(wet bulb temperatures). Three dry-coil tests and four wet-coil tests were conducted with an 
indoor dry bulb temperature of 80 OJ< and an outdoor dry bulb temperature of 95 OP, while six wet-
coil tests were conducted at an indoor temperature of 100°F and an outdoor temperature of 95 oF. 
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For the initial data set, a table of the 40 test conditions (30 dry and 10 wet) along with some 
of the more important measured parameters is shown in Appendix F. The dry bulb and wet bulb 
temperatures for both the indoor and outdoor rooms are listed for each data point The refrigerant 
mass flows listed were obtained from the refrigerant -side energy balance. 
Table F.l demonstrates that the test matrix covered a large range of capacities and 
refrigerant mass flow rates. In addition, the evaporator superheat measurements ranged from 38 OP 
to a two-phase evaporator exit. The measured evaporating and condensing temperatures ranged 
from 25 to 60 OF and 99 to 156 OF, respectively. Thus, the test matrix brackets the range of 
evaporating and condensing temperatures specified in the compressor performance maps: 30 to 55 
OF and 100 to 140 OF, respectively. 
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3.1 Condenser 
3.1.1 Model Description 
Chapter 3 
Component Level Validation 
The condenser is modeled as a crossflow heat exchanger with uniform inlet air temperature 
and velocity. Three heat transfer zones - desuperheating, two-phase, and subcooling - are 
modeled using effectiveness-NTU heat transfer rate equations. The two-phase zone is modeled as 
isothennal along the flow direction, although it can be modified to handle refrigerants having a 
temperature glide. The correlations used for heat transfer correlations and pressure drop 
calculations are referenced in Table 1.1. As in the ORNL model (Fischer and Rice, 1983), 
condenser geometries having more than one refrigerant circuit are modeled as identical, parallel 
condensers. 
The condenser heat transfer equations were modified to account for heat transfer . 
enhancement due to condensate-from the evaporator that is sprayed onto the condenser by the 
condenser fan's sling ring. The enhancement is based on an effective mass flow rate of water 
multiplied by the water's heat of vaporization. Details on this analysis are provided in Section 
3.1.3. 
3.1.2 Dry-coil Prediction 
The heat transfer effectiveness for each region requires calculations of the overall 
conductance. These overall conductances were calculated from geometric parameters and heat 
transfer correlations on the air side and refrigerant side. At the rating point, the air-side resistance 
was almost 80% of the total heat transfer resistance for the two-phase region. 
The simulation model has an added feature which allows the user to change the air-side 
enhancements for either heat exchanger. These enhancements include plain rms, louvered fins, or 
wavy fins. The condenser currently being modeled has louvered fins. Therefore, a plain fin 
correlation (Gray and Webb, 1986) is used along with a louver enhancement correlation 
(Nakayama and Xu, 1983) to calculate the air-side heat transfer coefficient for the condenser. The 
model also allows for a constant multiplicative correction factor to the air-side correlations. For the 
condenser, a constant factor of 1.18 was estimated at the dry-coil rating point, suggesting that the 
correlations significantly underpredict air-side heat transfer. 
An important part of the refrigerant-side heat transfer resistance is detennined b¥ the two-
phase heat transfer correlations. The two-phase heat transfer correlation for condensation was 
developed for two different flow regimes: annular flow and wavy-stratified flow. Mass flux 
estimates for the range of conditions tested demonstrated that the condenser in this particular test 
unit almost always experiences annular flow. The wavy-stratified correlation was added to expand 
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the range of flow conditions the model is able to simulate. For example, wavy strittified flow may 
be encountered more frequently if variable speed compressors are used. 
The basic two-phase heat transfer correlations were developed for smooth tubes, while the 
actual condenser has microfin tubes. The heat transfer enhancement obtained with microfms 
during condensation has been analyzed for tubes with an 18° helix angle, similar to those used in 
the condenser (Meyer, 1995; Schlager, 1989). They found that from the low to the high end of the 
condenser's mass flux range, the average enhancement factor varied from 100% to 80% of the area 
ratio, respectively. The area ratio is defined as the ratio of the microfm surface area to the area of a 
smooth tube having the same maximum diameter. It has been postulated that the enhancement 
mechanism depends on the microfins protruding through the liquid annulus into the vapor core, to 
promote condensation (Webb and Yang, 1995). It follows that the enhancement decreases at 
higher mass fluxes as vapor shear forces dominate the surface tension forces, while liquid trapped 
near the base of the microfins effectively removes part of the wall surface from the convective heat 
transfer process. Since the enhancement factor varied significantly with mass flux, a second-order 
polynomial curve fit of both Schlager's and Meyer's data (enhancement factor versus mass flux) 
was included in the model (see Appendix C). 
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Figure 3.1 Comparison of predicted and measured subcooling for dry points 
Using the previously-mentioned parameters, the predicted subcooling was compared to the 
measured subcooling for the dry data points. The bias error on the subcooling prediction was 1.3 
oF. A way of representing the scatter in the prediction error is the 95% confidence interval, which 
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is the bias error plus two times the standard deviation. The 95% confidence interval on the 
subcooling prediction was 5.2 oF. 
This plot also shows that the subcooling at low fan speeds tended to be overpredicted by 
the condenser model. This trend is probably due to the condenser air-side heat transfer correlations 
not accurately representing the dependence on air flow rate for this particular condenser geometry. 
This effect is not unexpected, since the range of the correlations did not fully span the condenser's 
fin pitch or fin thickness (see Appendix H). The tests did not cover a wide enough velocity range 
to re-estimate the Reynolds number exponent in the correlations. 
3.1.3 Condensate Spray Enhancement 
When the evaporator removes moisture from the indoor air, condensate drains from the 
evaporator and travels through two channels to a pan on the outdoor side of the air conditioner. 
The flow of condensate represents an evaporative cooling potential equal to the mass flow rate of 
the water times the heat of vaporization of water. This water is most effectively utilized by 
spraying it directly on the condenser coil so most of that latent heat is transferred from the 
refrigerant. A sling ring attached to the condenser fan dips into the condensate and throws it onto 
the coil. The efficiency of the spraying process dermes how much of the cooling potential is used 
by the condenser. 
Water that does not reach the coil either evaporates or blows through the condenser in the 
form of droplets. In the past, the amount of liquid that blows through the condenser has been 
considered negligible (Tree and Goldschmidt, 1974). Analyses of the wet coil data were 
performed to determine what percentage of the total water input reaches the condenser coil, for a 
wide range of moisture removal rates. These estimates were based on the assumption that the 
sensible heat transfer coefficient for the condenser would be the same as that detennined from the 
dry-coil data. For the wet-coil rating point, the average spraying efficiency was determined to be 
0.55 (see Appendix C). 
The refrigerant subcooling at the condenser exit was then predicted using the estimated 
sling ring efficiency of 0.55. Figure 3.2 indicates that the wet subcooling prediction had one 
significant outlier; the data point corresponding to the highest amount of moisture removal. This 
outlier could indicate that the spraying efficiency of the fan degrades at higher moisture removal 
rates. Alternatively, a significant portion of the water could be blowing through the condenser at 
this extreme condition. After the air conditioner has been instrumented with refrigerant-side 
transducers and thermocouples, this phenomenon can be explored in more detail. 
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Figure 3.2 Comparison of predicted and measured subcooling for wet points 
If this outlier were removed, the 95% confidence interval on the subcooling prediction 
improved from 9.9 of to 6.0 OF for the remaining nine points. The bias error on the remaining nine 
wet data points was -2.1 OF. 
3.1.4 Condenser Air Recirculation 
As mentioned previously, recirculation can occur at both the inlet and exit of the condenser. 
If the condenser fins do not span the entire length of the exit grille, eddy currents near the tube 
bends draw hot exit air back into the plenum area upstream of the fan. This causes air to recirculate 
inside the chassis, changing the actual air flow rate from that measured externally. Using flow 
visualization (strings attached to the edges of the exit grille), this recirculation was not noticeable 
for the Whirlpool unit (see Appendix C). 
Recirculation of exit air around the outside of the chassis can be estimated using the 
temperatures of the outdoor air and temperatures of the air at the condenser inlet grille. 
Temperatures from the 30 dry-coil data points were used to estimate the average recirculation 
fraction. This resulted in an average external recirculation fraction of 0.04 for the condenser, 
which increased the air temperature at the condenser inlet by 1-2 OP over the outdoor temperature. 
Since the outdoor room in our test facility is somewhat smaller than ARI standard environmental 
chamber, this (small) recirculation effect might be overestimated. 
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3.2 Evaporator 
3.2.1 Model Description 
The evaporator model, similar to the condenser, assumes a crossflow heat exchanger with 
uniform inlet air temperature and velocity. Two heat transfer zones - two-phase and superheated-
are modeled using effectiveness-NTU heat transfer rate equations. The correlations used for heat 
transfer and pressure drop are referenced in Table 1.1. For the purpose of calculating refrigerant-
side heat transfer coefficients and pressure drop, evaporator geometries having more than one 
refrigerant circuit are modeled as parallel evaporators. This assumes that the refrigerant mass flow 
separates equally into the individual refrigerant circuits. 
To account for dehumidification the superheated region is assumed to be dry; while the 
two-phase region is split into wet and dry subzones, in the most complicated case. Each region is 
modeled by an air- and refrigerant-side energy-balance equation, and a heat transfer rate equation. 
The rate equations are effectiveness-NTU instead of log mean temperature difference because 
intermediate variables in the effectiveness-NTU analysis prove l<? be more useful for heat 
exchanger design. A more detailed description of the dehumidification algorithm and its 
assumptions are provided in Appendix G. 
3.2.2 Heat Transfer and Moisture Remoyal 
The heat transfer prediction for the evaporator submodel mainly relies on the refrigerant-
side and air-side resistance calculations. On the refrigerant-side, the two-phase region of the 
evaporator provides the bulk of the total heat transfer, therefore the two-phase heat transfer 
correlations are most important. The basic correlations currently used were developed by Wattelet 
et. ale (1994), based on smooth-tube data. Since the refrigerant flow is divided into three separate 
circuits, the flow regime was estimated to be wavy~stratified rather than annular. With wavy-
stratified flow, the refrigerant-side heat transfer coefficient is only slightly dependent on quality. 
Consequently, there is little uncertainty in the quality-averaged heat transfer coefficientS calculated 
in the simulation model. 
An additional correlation developed by Christoffersen (1993) was used to estimate the 
evaporation heat transfer enhancement associated with the microfin tubes. The correlation 
produced an average enhancement factor that was 93% of the area ratio and only varied by 3% 
from the low to high ends of the measured mass flux range. Therefore, a constant enhancement 
factor (0.93 x 1.60 = 1.48) was felt to be sufficient (see Appendix B). 
As in the condenser, the air-side heat transfer resistance is estimated to account for almost 
80% of the total resistance across the evaporator. The evaporator in the test unit uses wavy fins to 
enhance air-side- heat transfer. Two wavy fin correlations were tested for the evaporator submodel: 
a correlation developed by Xiao and Tao (1990) and a correlation developed by Webb (1990). It 
was found that the Xiao and Tao correlation captured more accurately the effect of air velocity on 
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the capacity prediction. Therefore, the Xiao and Tao correlation is currently used by the evaporator 
submodel (see Appendix B). 
Using the dry-coil data points, an air-side correction factor was estimated for each data 
point to predict the measured capacity. The correction factor at the dry-coil rating point was very 
close to one; therefore the uncorrected correlation was used in the evaporator submodel. The fmal 
prediction of the evaporator submodel is shown in Figure 3.3. 
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Figure 3.3 Comparison of predicted and measured evaporator capacity 
The bias error on the dry-coil capacity prediction was 1.1 % and the 95% confidence 
interval was 2.8%. The bias error on the wet-coil data was 3.1 %, and the confidence interval was 
4.7%. A possible reason for the overprediction for the wet-coil data is degradation in wavy fin 
performailce (see Appendix B). These initial results do not provide enough information at this 
point to correct the wet-coil performance of the simulation model. Note that the dry-coil rating 
point lies slightly above the 45° line since the estimated correction factor at that point was slightly 
lower than one (0.95). 
The moisture removal prediction is important for determining the comfort level in the 
indoor room. In addition, the moisture removal is used to calculate the latent portion of heat 
-
transfer. The prediction of the evaporator model for the ten wet-coil data points is shown in the 
following scatter plot 
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Figure 3.4 Comparison of predicted and measmed evaporator moisture removal rates 
The bias error on the moisture removal prediction was 0.35 lbmlh. and the 95% confidence 
interval was 1.1Ibm/h. Note that the wet-coil rating point is not predicted exactly since the 
moisture removal prediction is a by-product of the capacity prediction. 
3.2.3 Evaporator Air Recirculation 
In order to simplify the analysis of the evaporator. a recirculation barrier was used to 
minimize the amount of air that recirculates from the evaporator outlet to the inlet This 
recirculation barrier reduced the temperature gradient across the evaporator inlet from 20 OP to less 
than 1°F. Without the recirculation barrier. a typical recirculation fraction for the eva~tor was 
estimated to be 0.12. This translated into a 6°F lower average temperature at the inlet to the 
evaporator. It is not clear whether the small size of the indoor room had a significant effect, 
because most of the recirculation occurs very near the exit and the top of the evaporator coil. 
Using sensitivity coefficients from the simulation model. a recirculation fraction of 0.12 translated 
into a 5% reduction in the EER of the room air conditioner. Consequently. noticeable gains in 
operating efficiency could be made by reducing evaporator air recirculation. 
3.3 Capillary Tube and Compressor 
3.3.1 Model Description 
The ACRC finite-difference adiabatic capillary tube model developed by Peixoto and 
Bullard (1994) has been implemented in system simulation model. The ACRC capillary tube 
model assumes choked flow at the exit, and it uses the Colebrook friction factor correlation to 
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calculate the pressure drop in the single-phase portion of the capillary tube. A modified Colebrook 
friction factor correlation, using Dukler's two-phase viscosity, was used to define the pressure 
drop in the two-phase portion of the capillary tube. The capillary tube model was placed in a 
separate subroutine, since it consists of over 200 equations and would substantially slow down the 
operation of the Newton-Raphson algorithm. Only five equations were used in the system 
simula,tion model to describe the capillary tube, the remainder are in the finite-difference 
subroutine. An advantage of the ACRe finite-difference capillary tube model is that it is 
independent of refrigerant properties, unlike the curve fits of the ASHRAE chart used in the ORNL 
version of the model. 
3.3.2 Friction Factor Correlations 
Several two-phase friction factor correlations were tested in the capillary tube model. The 
first Colebrook mass-weighted friction factor correlation uses refrigerant quality to average the 
liquid- and vapor-phase friction factors. It is derived by assuming homogeneous flow (equal 
liquid and vapor velocities), where the fractions of wall surface subjected to liquid and vapor shear 
are determined by the void fraction. The second correlation uses Dukler's definition of two-phase 
viscosity (a void-fraction-weighted average ofliquid and vapor viscosities) to define a two-phase 
Reynolds number to insert into the (single-phase) Colebrook correlation. It is the only method 
compatible with Reynolds-number scaling of homogeneous two-phase flow (Dukler, 1964). 
Another approach was to use a two-phase friction factor developed by Souza (1993), which 
correlates with the Lockhart-Martinelli parameter and Froude number (Woodall, 1995). 
These correlations were compared to separate measurements of mass flow for various inlet 
pressures and values of refrigerant subcooling taken on a capillary tube test stand (Meyer, 1995), 
using a capillary tube having the same nominal dimensions as the Whirlpool capillary tube, an 
inside diameter of 0.049 inches and a length of 46 inches. The capillary tube was insulated 
extensively to ensure adiabatic operation. For the various friction factor correlations, an average 
roughness of 12 x 10-6 inches was used (Sweedyk, 1981). Initial analysis of the various 
correlations has found the Colebrook-Dukler friction factor correlation predicted this data most 
accurately (Liu, 1995). 
3.3.3 Prediction 
The mass flow output by the capillary tube model (using Sweedyk's average roughness) 
overpredicted that obtained from a refrigerant-side energy balance. For the same surface 
roughness, the model··underpredicted the mass flow measurements made by Meyer on the capillary 
tube test stand. Sweedyk's analysis of surface roughness for various capillary tubes found 
considerable variation in average roughness values. Since the capillary tubes tested on Meyer's 
test stand are from a different manufacturer (Wolverine) than the capillary tubes used in the 
Whirlpool room air conditioner (Modine), the variability in roughness could possibly exceed the 
range observed by Sweedyk. 
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Additional error could have resulted from different capillary tube operating conditions. For 
example, Meyer's data was taken with a straight length of capillary tube, while the capillary tubes 
in the room air conditioner are coiled to save space. Kuehl and Goldshmidt found that the mass 
flow decreased by 5% on average, when the capillary tubes were coiled for various fractions of 
their length (1990). Therefore, some of the difference between Meyer's data and the room air 
conditioner data can be explained by this effect 
The effect of heat transfer at the capillary tube was neglec~ since its effect is most likely 
small compared to the capillary tube coiling and surface roughness effects. This is especially true 
for this data set, since the (colder-than-ambient) two-phase region of the capillary tube is estimated 
to only be a third of its total length for most of the data points. 
Figure 3.5 shows the prediction of the finite difference capillary tube model using the 
Colebrook-Dukler two-phase friction factor correlation. The smface roughness of the capillary 
tube was estimated at the dry-coil rating point, using the mass flow rate obtained from the 
refrigerant-side energy balance. This resulted in a surface roughness of 65 x 10-6 inches, which is 
within Sweedyk's range of measurements. Using this value of roughness, the capillary tube 
model predicted the room air conditioner's mass flow within ±5 % over a wide range of inlet 
subcooling (16 OP to 29 OJ<> and saturation pressures (corresponding to condensing temperatures 
from 99 OP to 156 OJ<>. The bias error on the mass flow prediction for all the data points was -3.2 
lbm/h, with a 95% confmence interval of 15.71bm/h. 
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Figure 3.5 ACRe capillary tube mass flow prediction 
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3.3.4 Compressor Map Prediction 
Compressor maps are used in the model to predict refrigerant mass flow and compressor 
power. These maps are empirically-based performance curves obtained from calorimeter 
measurements for a particular compressor model. Compressor power and refrigerant mass flow 
are plotted for a range of inlet and outlet saturation temperatures. Manufacturers often claim the 
maps are accurate to within 5%. Polynomial curve fits of the perfonnance maps are placed in 
subroutines in the simulation model. 
Figure 3.6 shows the prediction of compressor power versus the measured compressor 
power for 18 dry-coil data points and 10 wet-coil data points. The measured saturation 
temperatures at the evaporator and condenser were used along with pressure drop correlations to 
estimate the saturation temperatures at the compressor inlet and outlet These temperatures were 
then input into the compressor map curve fits. The bias error on the compressor power prediction 
for all the data points was -97 Watts (approximately 5%), while the 95% confidence interval was 
180 Watts (up to 10%). 
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Figure 3.6 Compressor map power prediction 
Figure 3.7 shows the compressor map predicts average refrigerant mass flow rate within 
about 10% of the mass flow estimated from a refrigerant-side energy balance. 
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Figure 3.7 Compressor map mass flow prediction 
The bias error on the dry-coil data was -8.9 lbm/h, with a 95% confidence interval of 31.8 
lbm/h. The wet coil data point having the highest moisture removal was an outlier in this figure. 
This same data point was an outlier for the capillary tube mass flow prediction (shown at [242, 
258] in Figure 3.5). This data point had the lowest capacity measurement of all the wet-coil data 
points, while the other wet-coil points showed an increase in capacity with higher moisture 
removal rates. Therefore, the outlier could have resulted from an inaccurate capacity measurement, 
or the room air conditioner might have been running in a different mode, which is not accounted 
for by the model (e.g. condensate bridging between fins, affecting air flow rate and heat transfer 
coefficients). The bias error for the ten wet data points was 6.35Ibm/h, with a confidence interval 
of39.61bm/h. If the outlier were removed, this commence interval was reduced to 281bm/h. 
3.4 Refrigerant Charge Inventory 
3.4.1 Model Description 
Simple volume and density calculations are used to calculate the refrigerant charge in the 
room air conditioner. The charge inventory calculations are necessary to allow the simulation 
model to run at off-design conditions where subcooling and superheat are unknown. The Thom 
void fraction correlation was chosen from several correlations for calculating the charge in the two-
phase regions of the evaporator and condenser. This analysis is documented in the next section. 
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3.4.2 void Fraction Correlations 
The calculation of the amount of charge in the two-phase region contributes the greatest 
uncertainty to the charge inventory equations. The choice of void fraction correlation has been 
found to be essential in an accurate estimation of charge in air conditioners and heat pumps (Rice. 
1987). There are four main types of void fraction correlations: homogeneous flow. slip-ratio-
correlated, Lockhart-Martinelli parameter-correlated, and mass-flux-dependent. The following 
analysis consisted of inserting the measured temperatures and estimated pressures into the charge 
inventory equations in order to isolate the charge inventory equations from the rest of the 
simulation model. 
Five different void fraction correlations were tested: homogeneous. Thorn, Thorn/Zivi. 
Lockhart-Martinelli. and Hughmark. The Thorn and Zivi correlations are both slip-ratio correlated 
while the Hughmark void fraction is an empirically-based, mass-flux-dependent correlation. The 
Zivi correlation was not used by itself since it is only applicable to annular flow (as in the 
condenser) and the evaporator was detennined to have wavy-stratified flow (see Appendix D). 
Since the refrigerant charge in the various components could not be recorded during the 
steady-state operation of the room air conditioner, the prediction of the correlations had to be 
compared to the total (factory) charge reported to be in the room air conditioner. The total charge 
prediction for 18 dry data points versus measured subcooliog for the previously mentioned void 
fraction correlations is shown in Figure 3.8 .. 
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Figure 3.8 Prediction of void fraction correlations versus subcooling 
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The actual charge in the Whirlpool room air conditioner is reported by the manufacturer to 
be 1.881bm. However the amount of charge available for heat transfer is slightly lower due to the 
amount of charge that is dissolved in the compressor oil. A rough estimate of this quantity was 
made using solubility properties of an alkylbenzene mineral oil in R-22 (Glova, 1984). For the 
range of discharge pressures and oil sump temperatures measured for the data set, the amount of 
charge dissolved in the oil ranged from 0.235 to 0.345 Ibm. These quantities were subtracted from 
the 1.88 Ibm of total charge and correspond to the dashed lines in the following figure. A future 
task will be to add a refrigerant/oil solubility equation to the system simulation model 
Almost all of the correlations overpredict the amount of charge in the system This error 
could be due to inaccuracies in the surface thennocouple temperatures or the corresponding 
saturation pressures. In addition, the area fractions for the two-phase, subcooled, and superheated 
regions in the evaporator and condenser were estimated from the heat exchanger submodels, so 
part of the error might result from overestimating the areas of the two-phase regions. The trend of 
the charge prediction with measured subcooling was isolated to the charge prediction in the 
evaporator (see Appendix D). The reason for the overprediction at lower subcooling could be 
inaccurate prediction of inlet quality-at the evaporator. Hopefully, more accurate charge prediction 
can be obtained later, based on experiments conducted with refrigerant-side instrumentation. 
Figure 3.8 shows that the Thom correlation and homogeneous correlation most accurately 
predicted the total system charge. The Thom correlation was used because it was felt the slip ratio 
assumption was more physically realistic than the homogeneous flow assumption, for the wavy-
stratified flow in the evaporator. A more detailed description of the void fraction correlations and 
the analysis used to select the Thom correlation is provided in Appendix D. 
3.5 Compressor and Connecting Line Heat Transfer 
The heat rejected from the compressor shell was calculated using a constant conductance 
estimated from steady-state measurements. The compressor conductance was multiplied by the 
surface area of the compressor shell and the difference between the shell temperature and the 
ambient outdoor air. From the measurements, a linear relationship between the compressor shell 
temperature and the discharge temperature was detennined. The resulting curve fit is shown in the 
following equation. 
T 1111:11 = 0.994 . T dill -12.5 3.1 
From the 18 dry-coil and 10 wet-coil data points, a compressor conductance, Ucomp, of 19 
Btu/{h-ft2_0F) was estimated. This produced a 9.8 OF confidence interval on the discharge 
temperature prediction. The compressor surface area, Acampo was estimated from manufacturer 
specifications to be 1.26 ft2. In order to reduce the number of parameters, the simulation model 
combines the estimates ofUcomp and Acomp into a single mput, UAcompo equal to 24 Btu/(h-Of). 
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The heat transfer from the compressor ranged from 1800 to 3000 BbJ/h for the entire data set. 
Both the compressor and refrigerant line heat loss allow the model to solve for the condenser heat 
rejection, which has an average value of 21600 BbJ/h. Therefore. any uncertainty in these heat 
transfer estimates contributes to the uncertainty in the condenser heat transfer prediction. 
The heat transfer for the suction line and discharge line was estimated from the enthalpy 
difference across each. Only the inlet temperature to the liquid line was recorded from the facility 
measurements. therefore an average conductance from the other refrigerant lines was used to get 
order of magnitude heat transfer estimates. These conductances were multiplied by the smface area 
and the temperature difference between the refrigerant and the outdoor air. 
The discharge line conductance was estimated to be 17 Btu/(h_ft2-oF). This produced a 
confidence interval for the discharge line heat loss prediction of 51 BtuIh; compared to 21600 BbJ/h 
for the condenser, this uncertainty is negligible. The discharge line heat loss averaged around 340 
BtuIh. The suction line conductance was estimated to be only 5 Btu/(h_ft2_0F) and the confidence 
interval was on the same order-of-magnitude as the average heat gain at the suction line, which was 
close to 56 Btu/h. The liquid line heat transfer was detennined to be negligible. only ranging from 
4 to 14 Btu/h. The uncertainty in the heat transfer prediction for the refrigerant lines and the 
compressor will likely decrease with additional data from immersion thermocouples and pressure 
transducers. A more detailed description of these calculations is provided in Appendix E. 
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Chapter 4 
System Model Validation 
After analyzing the predictive capabilities for each of the component models, the system 
model prediction was compared to experimental measurements. The prediction of several key 
variables was noted, including the evaporator capacity, the EER, the compressor power, the 
refrigerant mass flow, and the evaporating and condensing temperatures. 
The following analyses were performed for 18 dry-coil and 10 wet-coil points, described 
earlier in this report. For all of the system model runs, the indoor and outdoor temperatures and 
relative humidities were specified, along with the evaporator and condenser air flow rates. The 
total fan power measured for each set of conditions was also provided. The wet-coil data point 
with the highest moisture removal, described as an outlier in Chapter 3, was not included in the 
reported accuracy. 
The system model can be run in several different modes depending on the amount of 
infonnation available. If condenser subcooling and evaporator superheat are known for a 
particular set of conditions, the model can be run in design mode. In addition, the model can be 
run with specified subcooling, using the capillary tube model to calculate superheat. The more 
common mode of operation is simulation mode, using the capillary tube model and charge 
inventory equations, leaving the model to detennine superheat and subcooling. 
4.1 Design Mode 
The first step was to validate the system model in design mode. This mode of operation 
requires the evaporator superheat and condenser subcooling to be specified, along with the other 
input parameters. The capillary tube and charge inventory are not used in design mode, and are 
therefore assumed to be optimally designed to reach these "design" operating conditions. 
As shown in Figure 4.1, the mean error in the capacity and mass flow prediction was close 
to 1%. The condensing temperature was underpredicted on average by less than 1°F and the 
evaporating temperature was overpredicted on average by 2°F. The compressor power showed a 
significant mean error of -5%; this contributed directly to the 5% mean error in the EER prediction. 
The compressor power error can be attributed directly to the compressor map, as shown in Figure 
3.6. 
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Figure 4.1 Accuracy of system model with superheat and subcooling specified 
The confidence interval for the evaporator capacity is somewhat larger than that produced 
by the evaporator component model alone. Most of this increased uncertainty in the capacity 
prediction can be attributed to the use of the compressor performance map to define the refrigerant 
mass flow. The scatter in the refrigerant mass flow and compressor power predictions were within 
the ranges identified in Chapter 3 for the compressor maps alone. The small (2 - 3 oF) scatter in the 
evaporating and condensing temperatures contributed little, via the compressor maps, to 
uncertainties in power and mass flow. 
Since the charge inveI.ltory equations are not used, the total charge is an output of the model 
in design mode. As expected, the charge was overpredicted on average by 15%, mostly due to the 
void fraction correlation (see Appendix A). This error will cause significant errors when the model 
is run in simulation mode. 
4.2 Modified Design Mode 
Another mode of operation for the system model can be implemented by specifying the 
subcooling and using the capillary tube model instead of specifying the superheat. These results 
will demonstrate how much error can be attributed to uncertainties in the capillary tube submodel. 
Figure 4.2 shows the prediction of several key variables for the system model in this mode. 
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Figure 4.2 Accuracy of system model with capillary-tube model (subcooling specified) 
The bias error for most of the variables did not change significantly from those calculated in 
design mode, with the exception of the mass flow rate and evaporating temperature. The mean 
error for the mass flow prediction was -2% compared to 2% in design mode, while the average 
error in the evaporating temperature prediction decreased by 2 oF. 
The confidence interval for the evaporator capacity prediction increased to almost 12% 
compared to 9% in design mode. This increased uncertainty could be attributed to the increased 
scatter in the evaporating temperature. The scatter in the mass flow and compressor power did not 
change significantly from that calculated for the system model in design mode. In addition, the 
confidence interval for the condensing temperature did not change noticeably. On the other hand, 
the EER and evaporating temperature prediction uncertainty did show significant increases. 
The source of most of these differences is the capillary tube model. The capillary tube 
model only requires the inlet subcooling and pressure to defme its mass flow, while the 
compressor maps use the condensing and evaporating pressures to define the mass flow. Since the 
subcooling is specified, the condensing pressure sets the mass flow for the system, via the 
capillary tube model. Therefore, the evaporating temperature has to change in order for_the 
compressor map mass flow prediction to match the capillary tube mass flow. As shown in Section 
3.3.3, the capillary tube model had a confidence interval of 5.8% when compared to the energy-
balance mass flow. 
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When the mass flow was underpredicted, the superheat tended to be overpredicted because 
the compressor map equations held the evaporating temperature low, in order to match the capilliuy 
tube mass flow. On average, the superheat was overpredicted by 8 of in modified design mode 
(see Appendix A). All of these uncertainties contributed to the increased scatter in the capacity and 
EER prediction. 
4.3 Simulation Mode 
In simulation mode, both the capillary tube model and charge inventory equations are 
included in the system model. As demonstrated in Chapter 3, the charge inventory equations 
cmrently have a significant amount of uncertainty and almost always overpredict the total charge in 
the system. Consequently, there is more uncertainty in the output of the system model in this 
mode. 
The total system charge was specified in order to use the charge inventory equations. This 
total charge was 1.875 Ibm, as specified by the manufacturer, minus the 0.27 Ibm estimated to be 
dissolved in the compressor oil sump, as shown in Chapter 3. Figure 4.3 shows the accuracy of 
the system model in simulation mode. 
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Figure 4.3 Accuracy of system model in simulation mode 
The capacity had an average error -5%, while the mean error in the EER prediction was 
6%. These errors and larger uncertainties result indirectly from the charge inventory equations. 
As demonstrated in Section 3.4, the system charge was consistently overpredicted by every void 
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fraction correlation. Therefore, the system model has to compensate by increasing the superheat in 
the evaPorator and decreasing the subcooling in the condenser. For this data set, the superheat was 
overpredicted by 22 of and the subcooling was underpredicted by 5 of, on average. This caused 
the evaporating and condensing temperatures to decrease (see Appendix A). The error in the 
saturation temperatures then propagated through the compressor maps and capillary tube, 
producing a larger uncertainties in the mass flow rate, evaporator capacity, compressor power, and 
EER. 
In summary, the design mode prediction was only as accurate as the compressor 
performance maps. The capillary tube does introduce a significant amount of uncertainty to the 
overall system model. However most of the uncertainty in simulation mode is contributed by the 
charge inventory equations. Due to these large uncertainties, a high priority should be put into 
improving the void fraction correlations in the future. 
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Chapter 5 
Summary and Conclusions 
The ACRC room air conditioner model now contains governing equations based on an 
extensive set of experiments with a I-ton Amana test unit (Mullen and Bull~ 1994) and a 1.5 ton 
Whirlpool unit, as described in this report. The most recent development and validation of 
RACMOD has been carried out by the authors and documented in this report. A dehumidification 
algorithm capable of simulating three-zone partially wet evaporators was integrated into the 
simultaneous equation set. After testing various void fraction correlations, a correlation developed 
by Thom (1964) was insetted into the charge inventory equations. In addition, a wavy fin air-side 
heat transfer correlation was added to the simulation model (Xiao and Tao, 1990). 
Initial experiments were conducted at two rating points (one wet and one dry) to estimate 
the few empirical parameters needed to account for simplifications in the model and for phenomena 
that were not easily modeled. The prediction at the component level was analyzed first, to identify 
key uncertainties in the system simulation. The compressor maps and the refrigerant charge 
inventory equations were the principal sources of error. 
The system model predictions were then compared to experimental measurements. Fmt 
. the condenser subcooling and evaporator superheat were specified in the model, and the 
predictions were found to be quite accurate. Most of the error in the evaporator capacity and EER 
predictions during design mode (1 % and 5%, respectively) were attributable to inaccuracies in the 
compressor performance maps. Next, the capillary tube submodel was added to the system of 
governing equations, instead of specifying evaporator superheat as an input. This increased the 
uncertainty of the mass flow prediction, which propagated to the other key variables: capacity and 
EER (-1% and 6%, respectively). Finally the model was run in full simulation mode, specifying 
system charge instead of condenser subcooling. TIle charge inventory equations were found to 
contribute the largest errors to the system model. They caused the mass flow rate and evaporator 
capacity to be underpredicted on average by 10% and 5%~ respectively. 
Future improvements to the model will be based on refmed parameter estimates from a data 
set obtained using refrigerant-side instrumentation. More accurate validation of the model can be 
performed with this additional data. The experiments and analysis presented in this report 
demonstrated that improved charge inventory equations are necessary to reduce prediction error for 
the system simulation model. 
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Appendix A 
System Prediction Analysis 
During validation of the system model, several additional analyses were performed to help 
explain the prediction during various modes of operation. This included looking at the prediction 
of superheat and subcooling for simulation mode, as well as the charge prediction in design mode. 
Figures A.I - 3 show the prediction accuracy of subcooling and superheat, as well as total charge 
compared to the other key variables for design mode, modified design mode, and simulation mode. 
The charge prediction error can be thought of as containing the enor that is eliminated when other 
variables like subcooling or superheat are specified. 
In order to demonstrate the influence of inaccurate superheat prediction, the trends of 
evaporating temperature with superheat error were also analyzed. Figure A.4 shows the results for 
modified design mode. Additional comparisons of evaporating and condensing temperature error 
with superheat and subcooling errors in simulation mode are shown in Figures A.S and A.6. 
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Appendix B 
Evaporator Parameter Estimation 
The pwpose of these parameter estimations is to improve the prediction of the evaporator 
submodel, in terms of capacity and moisture removal. In the following estimations, the measured 
inlet temperatures, refrigerant and air mass flows, as well as the geometry of the evaporator were 
specified. In addition, the parameters were obtained from measurements at one set of conditions 
which approximate the 1989 ARI Standard 210/240 rating point, described in Chapter 2. This will 
allow manufacturers to re-configure the model for substantially different room air conditioner 
designs with a single rating point measurement. The results of these estimations show that this 
approach is sufficient to model a large range of off-design conditions. 
Itt Heat Transfer Correlations 
B.1.1 Refrigerant-side Correlations 
The heat transfer correlations used for the refrigerant side are listed in Table 1.1. The two-. 
phase region is where the bulk of the total heat transfer takes place. Therefore, the choice of two-
phase correlations is very important. The two-phase heat transfer coefficient correlation for 
evaporation was obtained from recent experiments here at the ACRe (Wattelet et aI., 1994). 
The two mechanisms of evaporative heat transfer in the two-phase region are convective 
boiling and nucleate boiling. Wattelet used an asymptotic form for the local heat transfer 
coefficient correlation to combine these two modes, shown in Equation B.I.1. 
B.1.1 
where n=2.5, hob is the nucleate boiling heat transfer coefficient, and hcb is the convective boiling 
heat transfer coefficient. hob is defined as 
hUb = 55· M-OoSq"Oo67p~012[_log10(P r) ]-OoSS B.1.2 
where q" is the heat flux, M is the molecular weight, and Pr is the reduced pressure of the 
refrigerant. The convective boiling heat transfer coefficient is defined in Equation B.1.3. 
B.1.3 
where Xtt is the Lockhart-Martinelli parameter and Fw is a parameter which accounts for the flow 
regime using a Froude number. 
F w = 1. 32· Fr~02 Frl < 0.25 
Fw = 1.0 Frl ~ 0.25 
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B.1.4 
The Froude number is a dimensionless quantity representing the ratio of inertial forces to 
gravitational forces, and is defined in Equation B.I.5. 
02 
FrI = -."..--p~·g·D B.1.5 
where 0 is the mass flux, PI is the refrigerant density, g is the gravitational Constant, and D is the 
inner diameter of the tube. These local heat transfer coefficients are integrated over the quality 
range in the evaporator, assuming constant heat flux, which is approximately correct for crossflow 
heat exchangers. 
Refrigerant flow can be separated into two main flow regimes, wavy-stratified and annular. 
Wavy-stratified flow occurs at lower mass fluxes and qualities. For wavy-stratified flow at heat 
fluxes typical of room air conditioner evaporators, nucleate boiling and convective boiling are on 
the same order of magnitude. In annular flow, which is attributed with higher mass fluxes and 
qualities, heat transfer is dominated by convective boiling. A more detailed discussion of flow 
regimes is provided by Wattelet (1994). 
Through our measurements it is estimated that the evaporator has wavy-stratified flow as 
opposed to annular flow. This is because the refrigerant flow is divided into three separate 
circuits. With wavy-stratified flow, the refrigerant-side heat transfer coefficient is less dependent 
on quality. For example, the evaporator mass flux ranges from 94 to 141ldbm/(h-ft2). At the low 
and high end of the mass flux range, the local heat transfer coefficient varies by 13% and 30%, 
respectively, for a typical quality range. For annular flow, the variation in local heat transfer 
coefficient can be as high as 54%. Consequently, there is less uncertainty in the qUality-averaged 
heat transfer coefficients used in the simulation model. 
A microfm enhancement factor for the refrigerant-side correlations is required. The 
refrigerant-side heat transfer coefficients were correlated with smooth copper tubes, while all of 
our heat exchangers use microfin or grooved tubes. A schematic of these microfm tubes is shown 
in Figure B.I. 
The physics behind microfin enhancement is not fully understood at this time. In the 
simplest sense, the microfin tube increases the area available for refrigerant-side heat transfer. But, 
flow regime and turbulence effects complicate this assumption. Christoffersen (1993) conducted 
extensive experiments to quantify this enhancement using R-22 and other alternative refrigerants. 
He estimated a heat transfer enhancement factor to be multiplied by the smooth tube heat transfer 
coefficient. This enhancement factor was correlated with Froude number to account for mass flux 
and quality dependencies. 
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Figure B.1 Microfin tube diagram 
Using this correlation resulted in a quality-averaged enhancement factor of 1.48, which is 
93% of the area ratio. Christoffersen's correlations indicate that over the entire range of mass 
flows measured for the evaporator, this average enhancement factor only varies by 3%. Therefore, 
a constant correction was assumed to be sufficient. The simulation model requires the user to input 
the area ratio of the microfin tube, and the enhancement factor is calculated within the model. 
B.1.2 Air-side Correlations 
The evaporator currently being modeled uses wavy (corrugated) fins as air-side 
enhancements. The waves have a pitch of 3.5 waves per inch and an amplitude of only 0.045 
inches (75% of fin spacing). Two wavy fin correlations were tested for the evaporatorsubmodel: 
a correlation developed by Xiao and Tao (1990) and a correlation developed by Webb (1990). A 
comparison between the prediction of capacity for both correlations is shown in Figure B.2. This 
data was generated for the 18 dry-coil data points described in Appendix F. 
This figure shows that the Xiao and Tao correlation more accurately captures the effect of 
air velocity on the evaporator capacity. The Reynolds number exponent for the Webb correlation is 
0.86, while the Xiao and Tao correlation has an exponent of 0.71. Since the experiments were 
conducted using only surface thermocouples and air flow rates provided by the manufacturer, they 
are subject to some uncertainty. Nevertheless, the Xiao and Tao wavy fin correlation was chosen 
for use with the simulation model. 
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Figure B.2 Comparison of wavy fin correlations 
Both of these air-side heat transfer correlations are documented more fully in Appendix H. 
An additional feature of the model is the ability to switch to a wavy, louvered, or flat fin surface for 
either heat exchanger. Details on this option and descriptions of the plain-fin and louver 
correlations used by the simulation model are also given in Appendix H. 
Any required correction to the heat transfer correlations was applied to the air side. For the 
evaporator tested, the uncorrected wavy correlation predicted very close to the measured capacity; 
therefore, no correction is used currently. If it is necessary to model different evaporator 
geometries or mass fluxes which push the flow conditions beyond the range of the correlations, a 
correction might be necessary. The use of constant heat transfer correction factors is described in 
more detail in Section B.5. 
B.2 Air Flow Rate 
B.2.1 Air-side Enerto' Balance 
Currently, manufacturer's measurements of air flow rates across a dry evaporator coil for 
all three fan speeds are used as inputs to the model. Our facility does not allow us to measure the 
heat exchanger air flow rates directly. Consequently, we have tried to verify the air flow rates 
using an air-side energy balance. The capacity calculated from the indoor room power 
measurements and the evaporator inlet and outlet air temperatures were used to calculate the air 
flow rate. The following results were estimated: 
37 
Table B.t Estimated energy-balance air flow 
Fan Speed Energy Balance Manufacturer 
Estimations Measurements 
High 472cfm 560cfm 
Medium 426cfm 530cfm 
Low 382cfm 460cfm 
These estimated air flow rates were input into the model and a new air-side heat transfer 
correction factor was estimated to produce the correct capacity. With these substantially lower air 
flow rates, the estimated air-side correction factor increased from 0.94 using the manufacturer air 
flow rates to 1.4 using the calculated air flow rates. This suggests that our air-side energy balance 
is not accurate enough at this point to estimate the air flow. 
A possible explanation for the discrepancy in the energy balance air flows and manufacturer 
measurements is the air temperature measurements. An uncertainty analysis was performed on the 
equations used to calculate the air flow from the air-side energy balance. A 2°F uncertainty on both 
the inlet and outlet temperatures could produce a 10% uncertainty on the estimated air flow. 
Additional uncertainties in the air-side energy balance are temperature and velocity non-
uniformities at the evaporator air inlet. Several steps were taken to reduce the non-unifonnity in 
the evaporator inlet temperature. These steps and their results are described in the next section. In 
addition, a discussion of velocity non-uniformity follows in Section B.2.3. 
B.2.2 Evaporator Inlet Temperature Unifonnity 
During tests conducted to analyze evaporator performance, an important factor to eliminate 
is the amount of air that recirculates from the evaporator exit directly to the evaporator inlet This 
recirculated air represents wasted cooling potential of the evaporator. Conventional air .conditioner 
design makes this problem significant because the evaporator outlet is often placed directly above 
the evaporator inlet Manufacturers usually recommend that outlet guide vanes be pointed slightly 
upward to diminish air recirculation. 
A removable recirculation barrier was placed on our test air conditioner primarily to 
improve the temperature uniformity entering the evaporator. A schematic of this flat plate and the 
air conditioner in the indoor room is shown below. 
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There are two main reasons for ensuring the evaporator inlet air temperature is uniform. 
First, the calculation of an average inlet air temperature is more accurate. Second, the simulation 
model assumes that the inlet air temperature to the evaporator is uniform, simplifying the evaluation 
of the heat transfer correlations. Therefore, the recirculation barrier and a nearby axial fan were 
used to remove as much of temperature gradient entering the evaporator as possible. 
Several positions and configurations of the fan and recirculation barrier were tried. 
Without the barrier and fan, the evaporator inlet grid had as much as a 200P temperature gradient 
from. top to bottom. It is not clear whether the small size of the indoor room had a significant 
effect, because most of the recirculation occurs very near the exit and the top of the evaporator coil. 
Eight thermocouples, four rows and two columns, were used to measure the evaporator inlet air 
temperature. Typical air temperature grids before and after adding the recirculation barrier and fan 
are shown in Figure B.4. With the final configuration of the fan and recirculation barrier, the 
maximum temperature difference among all eight thermocouples was reduced to l.OOP. 
The difference in average inlet air temperature before and after adding the recirculation 
barrier was almost 6OP. Using the sensitivity coefficients from the simulation model, this lower 
inlet temperature translates into a 5% reduction in EER. Consequently, reducing this recirculation 
in future room air conditioner designs could produce noticeable gains in operating efficiency. 
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Figure B.4 Evaporator inlet air temperature grids fOP:) 
B.2.3 Evaporator Inlet Velocity Unifonnity 
The simulation model assumes that the air velocity is uniform over the evaporator inlet 
Therefore, it is important to quantify the uniformity of air flow into our test unit evaporator. A 
turbine velocity meter was used to measure relative velocities across the evaporator inlet The 
results of these measurements are shown in the following contour plot 
Top Velocities 
in feet/min 
11400-450 
.350-400 
181300-350 
El250-300 
11200-250 
EI,50-200 
.,00-150 
.50-100 
DO-50 
Bottom 
Figure B.5- Evaporator inlet velocity profile 
These measurements show that there is considerable amount of nonuniformity in the air 
velocity seen at the evaporator inlet The effect of this nonuniformity on the air-side heat transfer 
coefficients was estimated. The air-side coefficient correlation is dependent on Reynolds number 
to the 0.70 power (approximately); consequently, the heat transfer coefficient at the average 
velocity turned out to be within 1.0% of the integrated velocity prediction. 
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The capacity prediction might be worse than the previous estimation if the velocity is 
markedly different in the superheated region, where the refrigerant-side heat transfer coefficient is 
much lower. On average, the superheated region was estimated to be about 5% of the total 
evaporator area. Assuming the superheated region is in the top left area of the contour plot, the air 
velocity was 35% lower over the estimated superheat region. This produces less than a 0.1 % 
difference in the total capacity prediction, since the superheated region's heat transfer is only 2% of 
the total evaporator capacity. Therefore, the inlet evaporator velocity non-uniformity does not 
make a significant contribution to the overall error in the capacity prediction. 
B.3 Refrigerant-side Pressure Drop 
The pressure drop correlations used for the simulation model are separated into single-
phase and two-phase correlations. The correlations used for each of different types of refrigerant 
flow conditions are listed in Table 1.1. These pressure drop correlations are essential for accurate 
system simulation. For example, the suction pressure entering the compressor is important in 
determining the compressor's operating efficiency. 
As with heat transfer, the two-phase region presents the most difficult conditions for 
estimating pressure drop. Pressure drop in horizontal flow basically consists of two components; 
pressure drop due to friction and pressure drop due to a change in momentum Recent experiments 
here at the ACRC have produced a two-phase pressure drop correlation for refrigerant tubes and 
for return bends (Souza, 1993; Christoffersen, 1993). Souza proposed a correlation which 
separated the friction and acceleration pressure drop contributions. Similar to the heat transfer 
correlations, the correlation is dependent on the flow regime, using a Froude number. This 
correlation is shown as a two-phase multiplier in Equation B.3.1. The two-phase multiplier is the 
ratio of the experimental two-phase pressure drop to the single-phase pressure drop using a 
Blasius-type correlation. 
For 0 < Fr} ~ 0.7 
cl = 4.172 + 5.48· Frl -1.564· Fr~ 
c2 = 1. 773 - 0.169· Frl 
For Frl >0.7 
cl = 7.242 
c2 = 1.655 
B.3.1 
where Xtt is the Lockhart-Martinelli parameter. This parameter estimates the relative contributions 
of the liquid and vapor components to the two-phase pressure drop (Souza, 1993). 
Christoffersen further developed the Souza correlation for microfm tubes. His experiments 
showed that the microfin pressure drop penalty is refrigerant-dependent. The pressure drop 
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penalty was represented as a constant factor to be multiplied by the smooth tube pressure drop. 
For R-22 the constant enhancement was estimated to be 1.37. while for R-32/R.-125 the constant 
factor was estimated as 1.20. These constant factors predicted his data with a mean deviation of 
11.5% (Christoffersen. 1993). When refrigerant-side pressure transducers are installed in our test 
unit, the measured pressure drops can be compared to those estimated using Souza's correlations 
and Christoffersen's penalty factors. 
B.4 Evaporator Submodel Prediction 
B.4.1 Predictiop with Surface Thennocouple Data 
A complete data set was taken before refrigerant-side instrumentation was installed, using 
only surface thennocouples. Using the parameter specifications mentioned in this appendix, the 
evaporator model was used to predict the evaporator capacity and moisture removal for the 40 data 
points described in Chapter 2. Figure B.6 shows the capacity predictions versus the measured 
values. The bias error on the dry data predictions was 1.0% with a 95% confidence interval (bias 
plus scatter) of 2.8%. For the wet~oil data, the capacity was overpredicted on average by 2.5% 
with a confidence interval of 4.4%. 
18000 
16000 
o Dry-coil Prediction 
x ARI 210/240 Standard 
Dry-coil Rating Point 
6. Wet-coil Prediction 
+ ARI 210/240 Standard 
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14000 16000 18000 20000 22000 
Measured evaporator capacity [Btu/h] 
Figure B.6 Comparison of predicted and measured evaporator capacity _ 
Figure B.7 shows the error in the capacity prediction versus measured superheaL In 
general. the model slightly underpredicts the capacity at lower superheat conditions and 
overpredicts the capacity at higher superheat conditions. The model had a tendency to predict a 
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two-phase exit condition at data points having measured superheat less than 2 Of'. This plot also 
shows that a majority of the data were predicted to within 2% of the measured capacity. 
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Figure B.8 Comparison of predicted and measured evaporator moisture removal rates 
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The prediction of moisture removal is important for estimating the comfort level in the 
indoor room. In addition, the moisture removal prediction is used to calculate the latent portion of 
heat transfer occurring in the evaporator and condenser. Figure B.8 shows the prediction of 
moisture removal versus the measured values. The moisture removal prediction had an average 
error of 0.35 lbm/h with a 95% confidence interval of l.llbm/h. 
B.4.2 Error in Wet-Coil Prediction 
From the previous prediction comparisons, it can be seen that the capacity and moisture 
removal prediction of the evaporator submodel can be slightly overpredicted during wet-coil 
conditions. Two possible sources for this error have been postulated: the air flow through the 
evaporator could be reduced due to increased pressure drop across the coil during 
dehumidification; or, the air-side heat transfer coefficient for wavy fins could be reduced due to 
water droplets forming on the fins. 
It has been documented in experiments and by manufacturers that air flow through the 
evaporator can be noticeably reduced during wet-coil conditions (ASHRAE Equipment Handbook, 
1988; Blum, 1990). During dehumidification, water droplets and film form on the fins and tubes 
of the heat exchanger, reducing the minimum free flow area for the air. This produces increased . 
pressure drop across the coil, and a subsequent reduction in air flow. 
To get order of magnitude estimates of the air flow reduction in the current room air 
conditioner, the manufacturer ran additional air flow tests on units having similar wavy rms. This 
air flow data was taken for two different room air conditioner units, a 18000 Btu/h unit and a 7000 
Btulh unit, to see if there was any variation with room air conditioner size (Matambo, 1995). The 
results of these measurements are shown in Table B.2. 
Table B.2 Percent reduction in air flow during wet conditions 
Room Air Fan Speed 
Conditioner High Medium Low 
18oooBtu/h 0.7% 0.8% 1.1% 
7oooBtu/h 6.1% 4.6% 2.1% 
This table indicates that wet-coil air flow reduction is not significant and probably within the 
uncertainty of the air flow measurements. 
Another possible explanation for the error in the wet-coil prediction is a reduction in the 
ability of the wavy fins to enhance heat transfer. A part of the wavy fin enhancement is generated 
by air flow separation and restarting the boundary layer, with shedding of transverse vortices. The 
condensed water droplets or rtIm might inteIfere with this enhancement mechanism by changing 
the rm surface contour or by causing streamwise instead of spanwise vortex shedding. Water can 
also decrease heat transfer by simply insulating part of the surface, due to the low conductivity of 
water relative to aluminum. In order to quantify this effect, the evaporator model was used to. 
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estimate the heat transfer coefficient that predicts the measured capacity for the wei-coil conditions. 
In addition, the heat transfer coefficient predicted by the wavy-fin correlation and a plain-fin 
correlation were calculated using the measured flow conditions. The results of these comparisons 
for the wet-coil rating point are shown in Table B.3. 
Table B.3 Comparison of air-side heat transfer coefficients at wet-coil rating point 
Rating Point Estunated from Wavy Fin PlamFin 
Conditions Measurements Correlation Correlation 
Fan Speed Btu/(h_ft2-Of') B tuI(h-ft2.. Of') Btu/(h-ft2.. Of') 
Low 7.52 10.1(i 6.51 
High 7.83 11.65 7.34 
From these calculations the wavy fin enhancement seems to be reduced significantly during wet-
coil conditions. This effect will be analyzed in more detail in future data sets; there is not enough 
information at this point to correct the heat transfer coefficients during wet-coil conditions. 
D.S Heat Transfer Corrections 
Another important feature of the model is the ability to correct the heat transfer prediction of 
the model. The overall purpose of these corrections is to improve the heat transfer prediction of the 
individual component models, thereby improving the predictive capability of system model. This 
correction is used to account for the assumptions and simplifications of the simulation model. 
The correction could be applied to either the overall conductances of the evaporator or to 
one of the individual components of this overall conductance. Since there are two substantially 
different conductances for the superheated and two-phase zones of the evaporator, the former is 
more complicated. These overall conductances consist of air-side, refrigerant-side, tube and fin, 
and contact resistances, based on the refrigerant-side area. Estimates of the relative magnitudes of 
these components for a typical case are shown in Table B.4. These results show that the air side is 
by far the largest contributor to the overall conductance. 
Table B.4 Typical values for resistances 
Typical Value Percentage 
[ft2-h-Of'/Btu] of Total 
Air-side 7.3 x 10-3 77.1% 
Refrigerant-side 2.1 x 10-3 22.2% 
Tube and Fin 5.5 x 10-5 0.6% 
Contact 1 x 10-5 0.1% 
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Consequently, any error in the overall heat transfer predictions was attributed to the air-side heat 
transfer coefficient. 
The simplest way to correct the heat transfer prediction is with a constant multiplier 
correction. The room air conditioner system also has a limited range of operation; for example, the 
air flow rates from high to low fan speed only vary by 20%. Such a narrow range of data contains 
inadequate information for correcting the Reynolds number exponent of these correlations. 
Therefore, a constant multiplier correction was assumed to be sufficient. 
A constant multiplicative correction factor was detennined for each data point: the factor 
needed to predict exactly the measured capacity. As mentioned previously, the correction factor 
corresponding to the 1989 ARI Standard 210/240 dry-coil rating condition was used. Since this 
rating correction was so close to unity, the correction factor was set to 1.0 for simplicity. 
It is important to note that in the heat exchanger parameter estimations, the refrigerant inlet 
conditions to the two phase region were specified, defming the total two-phase heat transfer. 
Consequently, the air-side corrections determine how efficiently this heat transfer occurs, on a heat 
transfer per unit area basis, but do not change the overall two-phase heat transfer. Therefore, the 
air-side correction becomes more of a superheat correction factor than a capacity correction factor. 
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Appendix C 
Condenser Parameter Estimations 
C.I Heat Transfer Coefficient Correction 
C.l.l Air-side Corrections 
As with the evaporator, the condenser submodel requires a correction to improve it's heat 
transfer prediction. The objective is to find the air-side cOITection factor that minimj~s the error in 
predicted subcooling, since the subcooling is important for the capillary tube mass flow prediction. 
The heat transfer corrections are used to account for the simplifications made in the condenser 
submodel, such as the heat exchanger geometry and air flow and temperature nonuniformities. 
Since this condenser has louvered fins, the air-side correlations consist of a plain-fin and 
tube correlation (Gray and Webb, 1986) and a louver enhancement correlation (Nakayama and Xu, 
1983). Most of the geometric parameters are within the range oi-the correlations. The fin 
thickness and fin pitch are slightly below the cOITelation ranges, so these provide additional 
reasons for the heat transfer corrections. Additional plain fm correlations by Elmahdy and Biggs, 
and Kayansayan were tested for use with the condenser model and are documented more fully in 
Appendix H. 
Using the data described in Chapter 2, a constant multiplicative correction was determined 
for each point to predict the measured subcooling. The constant correction at the dry-coil rating 
point was estimated to be 1.18. The bias error and confidence interval for the condenser submodel 
with this correction are shown in Section C.l.3. 
C.l.2 Refriwant-side Correlations . 
The two-phase heat transfer coefficients used for the refrigerant-side were also obtained 
from recent experiments here at the ACRC (Dobson et al., 1994). These correlations were 
developed for two different flow regimes, wavy flow and annular flow. Unlike the evaporator, the 
estimations of the mass flux through the condenser correspond to annular flow for a majority of the 
operating range. Mass fluxes range from 313 to 470 klbm/(h_ft2) while the annular flow transition 
lies at 365 ldbm/(h_ft2). The mass fluxes are higher than the evaporator because of only 1.3 
parallel circuits running through the condenser, instead of 3, as for the evaporator. 
For annular flow, Dobson decided to correlate the two-phase heat transfer coefficient with 
the single-phase heat transfer coefficient of Dittus-Boelter (1930). The two-phase correlation also 
depends on quality by using the Lockhart-Martinelli parameter, X tt• The correlation for annular 
flow is shown in Equation C.l.l. 
(~) 0.8 0.4 [ 2.22 ] hzpbcond = 0.023 . D . ReI . Pr I . 1 + X~.889 C.l.l 
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This equation is valid for mass fluxes greater than 365 klbm/(ft2-h). With mass fluxes less than 
365 klbrW(ft2-h), the equation is valid for modified Froude numbers higher than 20. The modified 
Froude number, as defmed by Soliman (1982), is shown in equation C.1.2. 
Fr~ =O.025~5ge+l~X!"'r a.:.., for&.. ';1250 
FrIO = 1.26Re:.04(1 + I.09X~·039 )1.5 +. for ReI> 1250 
. X Ga' 
11 
C.1.2 
For the lower mass fluxes the modified Froude number was larger than 20 for at least eighty 
percent of the quality range. For modified Froude numbers less than 20, Dobson developed a 
wavy-stratified correlation. Even though wavy-stratified flow was estimated to occur for only a 
small portion of the condenser's flow conditions, this correlation was added to the model. This 
expands the range of flow conditions the model is able to simulate. For example, wavy-stratified 
flow may be encountered more frequently if variable-speed compressors are used. This additional 
correlation is documented in Appendix H. 
The previous correlations were obtained from smooth tube data. Like the evaporator, the· 
condenser has microfin-enhanced tubes. Experimental studies have been performed on the effect 
of microfms on condensation heat transfer for R-22 (Schlager et aI., 1989; Meyer, 1995). Both 
Schlager's and Meyer's experiments were performed with a 3/8" microfin tube similar to that 
found in the condenser, having a 18° rifle angle and an area ratio of 1.55. Schlager's 
measurements ranged in mass flux from 150 to 365 klbm/(h_ft2) while Meyer varied mass flux up 
to 580 klbm/(h_ft2). 
For the low and high ends of the condenser's mass flux range, the average enhancement 
factor ranged from 100% to 80% of the area ratio, respectively, according to Meyer's and 
Schlager's results. It has been postulated that the enhancement is lower than the straight area ratio 
enhancement due to vapor shear forces dominating the surface tension forces at higher inass fluxes 
(Webb and Yang, 1995). In addition, the enhancement factor varied significantly with mass flux. 
Therefore, a second-order polynomial CUlVe fit of both Schlager's and Meyer's measurements 
versus mass flux was derived and inserted into the model. These CUlVe fits were generated for the 
enhancement factor divided by the area ratio. The area ratio of the microfm tube is input into the 
model, and the CUlVe fits convert this number into a heat transfer enhancement factor. The curve fit 
is shown in the following equation: 
EFrC = 1. 546 - 2. 06x1 0-3 • G + 1.1x1 0-6 . G2 
ARrC 
C.1.3 
where EFrC is the enhancement factor, ARrC is the area ratio of the microfm tubes, and G is the 
mass flux in klbm/(h-ft2). 
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e. 1.3 Dty-Coil Prediction with Surface Thennocouples 
The estimated parameters mentioned previously were applied to the condenser submodel, 
and the following results were obtained. Figure e.l shows the subcooling prediction for the dry 
data points. The bias error was 1.3 OF with a 95% confidence interval of 5.2 OPt 
1 • 
25 
. ~~~ITL __ 
: : 20 
~ ~ 
• I 0 ~igh Fan Speed 
--------r 
x 
15 
• LOw Fan Speed 
ARI 210{l4O Standard 
Dry Coil Rating Point ~ , 
10~~~~~~~~~~~+-~~~ 
10 15 20 25 30 
Measured subcooling [oF] 
Figure e.l Comparison of predicted and measured subcooling for dry points 
This plot also shows the low fan speed subcooling tended to be overpredicted by the 
condenser model. This trend is probably due to the condenser air-side heat transfer correlations 
not accurately representing the dependence on air flow rate for our condenser geometry. This 
effect is understandable, since the correlations did not fully cover our fin pitch or fin thickness. 
Like the evaporator, our tests do not cover a wide enough velocity range to re-estimate the 
Reynolds number exponent on the correlations. 
C.2 Condenser Air Recirculation 
As with the evaporator, recirculation in the condenser is a source of lost capacity. There 
are two major types of air recirculation possible at the condenser. The first type recirculates around 
the air conditioner cabinet from the outlet of the· condenser to the inlet While the second type of 
recirculation exists because the condenser fins do not span the entire length of the exit grille. This 
causes air to recirculate inside the air conditioner cabinet; consequently, this type of recirculation is 
called "internal" recirculation. 
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Figure C.2 Condenser air flow recirculation 
Figure C.2 shows a schematic of these two types of recirculation. Internal recirculation has 
a different effect than external recirculation by reducing the amo~t of air which crosses the control 
volume. Therefore, the measured condenser volumetric air flow rate is slightly lower than what 
actually flows over the condenser. In the first room air conditioner tested with our facility, the 
internal recirculation could be seen using strings for air flow visualization. Using estimates of 
velocity and condenser geometry yielded an internal recirculation fraction of 0.02 (Mullen and 
Bullard, 1994). With the Whirlpool room air conditioner, this internal recirculation was not 
noticeable. Consequently, the internal recirculation fraction was set to zero for this unit 
External recirculation can be quantified by the difference between the average condenser 
inlet air temperature and the average outdoor air temperature measured from our test facility. This 
recirculation would cause the air temperature at the condenser inlet grille to be slightly higher than 
the outdoor temperature due to mixing with the warmer recirculated air. Temperatures from the 30 
dry data points were used to estimate this recirculation fraction for each fan speed. The following 
results were obtained. 
Table C.1 Estimated condenser recirculation fractions at different fan speeds 
Fan Speed Estimated frecircC 
High 0.042 
Medium 0.032 
Low 0.036 
These results are not altogether accurate since the outdoor room is a confined, somewhat 
asymmetric space. Consequently, the amount of recirculation estimated from our test facility is 
probably larger than would be seen during normal operation. In addition, errors in the inlet air 
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temperature measurements could have been significant. One of the thermocouples at the condenser 
inlet was located close to the compressor and could have recorded artificially high temperatures 
because of radiation errors. 
For the data set measured in this test facility, the condenser external recirculation fraction 
was set to 0.04, which is the recirculation observed at the dry-coil rating poiI)t. This amount of air 
recirculation essentially translates into a 1 - 2 "F higher average condenser inlet temperature than the 
average outdoor room temperature. In the future, this value should be re-estimated for more 
typical condenser operating conditions, or the inlet air temperature to the condenser could be input 
directly into the model. 
C.2.1 Outdoor Rgom Temperature Unifoonity 
Although it is not as important as indoor room temperature uniformity, the temperature 
gradients in the outdoor room need to be quantified. This will aid in estimating how much of the 
condenser recirculation is due to the fact that the outdoor room is· a confined space with an 
asymmetrically-positioned air supply and conditioning system. A grid of the outdoor room was 
made and temperature measurements were taken dmiug the operation of the room air conditioner. 
The temperature prof'lles were created for both low and high fan speeds with 80 "F indoor and 95 
Of outdoor temperatures. The results of the high fan speed measurements at a height of 40 inches 
from the floor are shown in the following contour plot. 
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Figure C.3 Temperature distribution in the outdoor room 
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This is considered a 95 of outdoor room due to the location of the RTD thermocouple from 
which the room temperature is controlled, shown in the figure as RID-I. There is an additional 
thennocouple from which the average outdoor room temperature is calculated, labeled RTD-2. The 
air recirculation calculated in the previous section is obtained from the difference between the 
average of the two outdoor temperatures and the average of the air temperatures entering on both 
sides of the condenser. 
This plot shows that the recirculation we measured mainly exists on only one side of the 
room air conditioner. This is most likely due to the geometry and flow patterns of the outdoor 
room. The contour plot also suggests that some of this recirculation is due to the confmed space of 
the outdoor room. The higher temperature air extends all the way to the far wall of the outdoor 
room, therefore, a portion of the air is most likely returning from the far wall back to the condenser 
inlet. 
C.3 Condensate Spray Heat Transfer Enhancement 
C.3.1 Discussion 
When the room air conditioner evaporator removes moisture from the indoor air, 
condensate drains from the evaporator and travels through two channels to a pan in the outdoor 
side of the air conditioner. The flow of condensate represents an evaporative cooling potential 
equal to the mass flow rate of the water times the heat of vaporization of water. Therefore, this 
condensate can be used to improve the heat transfer capacity of the condenser. 
This water could be used to cool the condenser inlet air by evaporation, thereby increasing 
the air-to-refrigerant temperature difference across the coil. But this method does not use the full 
potential of the water's heat of vaporization, since the air serves as an poorly-coupled intermediary 
to cooling the refrigerant stream. A rough calculation of the cooling potential gained through this 
method was made by Mullen and Bullard (1994). They found that evaporating 51bm/h of water 
into the air stream of a 12,000 Btu/h air conditioner translated into a 5% increase in condenser 
capacity and utilized only 13% of the condensate's cooling capacity. 
The water is more efficiently utilized by spraying it directly on the condenser coil. A "sling 
ring" attached to the condenser fan dips into the condensate and throws it onto the coil. The 
efficiency of the spraying process defmes how much of the cooling potential is used by the 
condenser. The water that does not reach the condenser coil can be divided into two main 
categories: water that evaporates before reaching the coil and water that blows through the coil in 
the form of droplets. 
-
Water can evaporate from the condensate pan, the condensate spray, or from the sling ring 
itself. In addition, the water could be sprayed onto the air conditioner housing and then 
evaporated. The water that evaporates before reaching the coil does slightly increase the capacity 
of the condenser, but the inefficiency of this process was noted earlier. Additionally, the water 
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which blows through the condenser coil without vaporizing provides no significant benefit to the 
condenser's heat transfer capability. 
Some of these possible mass flows can be assumed to be negligible using order of 
magnitude calculations and previous observations. The amount of water which evaporates from 
the condensate pan can be estimated using the Lewis number relationship and assuming a Lewis 
number of one. This produces the following relationship between the mass transfer coefficient and 
the convective heat transfer coefficient. 
C.3.1 
To estimate the amount of water evaporating from the condensate pan, a standard heat transfer 
correlation for laminar flow over a flat plate was used (lncropera and DeWitt, 1990). These 
assumptions produced an estimated evaporation rate of 0.05 lbm/h. Given the total water removal 
rates ranging from 3 to 9 lbmlh, this evaporation rate from the condensate pan is relatively small. 
In the past, the amount of water which blows through the condepser has been assumed to be 
negligible dming normal operation (Tree and Goldschmidt, 1978). For the two air conditioners 
tested in our facility, no droplets have been visually obServed to exit the condenser dming normal 
operation. To get a more detailed picture of the possibility of droplets exiting the condenser, future 
tests can be performed with chemically treated paper which changes color in the presence of liquid 
water. 
C.3.2 Eszerimental Analysis 
The test facility data was used to estimate the effective mass flow of water onto the 
condenser coil given the total moisture removed from the indoor air. The proposed form of the 
relationship between the total moisture removed and the effective mass flow onto the condenser is 
shown in Equation C.3.1. 
C.3.2 
where hmA represents the effective mass transfer coefficient times the wetted area (similar to UA) 
for evaporation from the housing, the condensate spray, and the sling ring. Cl represents the 
fraction of the total water input, that reaches the condenser coil and vaporizes (Mullen and Bullard, 
1994). 
Using the ten wet-coil points described in Chapter 2, these two parameters were estimated 
to minimize the error in the subcooling prediction. These estimations were performed assuming 
that the sensible performance of the room air conditioner was the same as for the dry-coil data 
points. The lImA term was determined to have a negligible effect on heat transfer for our data, 
which is what was found for another room air conditioner unit. For the wet-coil rating point test, 
the Cl factor was estimated to be 0.55. 
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The result of these estimations demonstrates that only 55% of the water removed from the 
indoor room is effectively vaporized by the condenser coil. H we assume that none of the water 
blows through the condenser, the other 45% of the water evaporates before reaching the 
condenser, in the various modes described earlier. The effect of this evaporating water on the 
condenser inlet air temperature can be estimated. Given the measured conditions of the rating point 
test, the air temperature was calculated to drop 2.5 of between the condenser air inlet and the 
position downstream of the condenser fan. This temperature drop translates into only a 1 % 
enhancement to the condenser capacity. Therefore, this evaporated water is essentially wasted 
cooling potential. 
Further analysis of the wet-coil data was perfonned to determine if the water that does not 
reach the condenser, evaporates adiabatically. The air enters the chassis of the air conditioner and 
is immediately heated by the compressor and fan motor. This inlet temperature to the condenser 
fan, Tfan,in, was calculated for the ten wet-coil data points, using heat loss estimates for the 
compressor and power measurements for the fan. Next, the temperature of the air at the fan outlet, 
Teo, after 45% of the total water input evaporates adiabatically, was calculated from psychrometric 
properties. Similarly, the temperature of the adiabatically saturated air was calculated along with 
the amount of water necessary to produce this saturated condition. These temperatures and water 
mass flow rates along with the measured fan outlet temperatures are listed in Table C.2. 
Table C.2 Test of adiabatic saturation hypothesis 
Before Water Actual Warer r~]ete Saturatlon 
Addition Addition Condition 
Tin Tfan,in Ti~ Tfrdfjeas mw Ti~ mw [OJ<] [OJ<] [lb/h] [lb/h] 
97 99 98 97 1.2 81 16.4 
96 99 98 96 1.4 82 12.2 
98 100 98 98 1.5 83 15.7· 
97 100 98 97 1.7 84 12.0 
95 99 97 95 2.4 86 8.4 
95 99 97 95 2.5 86 11.1 
96 99 97 96 2.8 85 12.7 
96 100 97 96 2.8 86 9.4 
95 100 95 95 4.2 88 7.1 
95 99 95 95 4.2 87 9.7 
The most important point to notice from this table is the adiabatic evaporation assumption 
seems to be validated by the experimental measurements, since Tfo,pred and Tfo.meas are-within 1-2 
OF of each other. It is also shown that the compressor and fan heat transfer increase the dry bulb 
temperature of the air by 2-4 oF. Finally, the difference in the actual fan outlet temperature and that 
predicted at complete saturation conditions, demonstrates that the air is well below saturation. 
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C.3.3 Wet-Coil Prediction with Surface ThermocOuPles 
Figure C.4 shows the prediction of subcooling for all ten of the wet data points using the 
previously described parameters. This figure also indicates that the wet subcooling prediction had 
one significant outlier; this data point had the highest amount of moisture removal. This outlier 
could indicate that the spraying efficiency of the fan degrades at higher moisture removal rates. 
Alternatively, a significant portion of the water could be blowing through the condenser at these 
nonstandaJd conditions. Once the air conditioner has been instrumented with refrigerant-side 
transducers and tbennocouples, this phenomenon can be explored in more detail. 
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Figure C.4 Comparison of predicted and measured subcooling for wet points 
If this outlier were removed, the 95% confidence interval on the subcooling prediction 
improved from 9.9 OF to 6.0 OF for the remaining nine points. In addition, the bias error on the 
, 
remaining nine wet data points was -2.1 ap. 
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AppendixD 
Refrigerant Charge Inventory 
When the system model runs in full simulation mode, using the capillary-tube model, the 
amount of charge is specified as an input parameter. This allows the model to predict air 
conditioner performance at off -design conditions. A separate set of mass conservation equations is 
used to estimate the total system charge. In addition, the amount of charge in each component is 
calculated separately in order to allow for future ttansient analyses of charge migration. 
Two quantities are necessary to calculate the amount of refrigerant in each component; the 
free volume of the component and the thermodynamic state of the refrigerant. The state of the 
refrigerant is known given the inlet and outlet temperatures and pressures calculated in the model, 
while the component free volumes are constant and are either specified as parameters or calculated 
from geometrical parameters in the input file. The components which account for the bulk of the 
system volume are the evaporator, condenser, compressor, and accumulator. 
A large source of uncertainty in these estimations is the method for calculating the mass of 
refrigerant in the two-phase regions of both heat exchangers. A void fraction correlation is 
required for this calculation. The void fraction is defined as the ratio of the vapor phase cross-
sectional area to the total cross-sectional area 
Liquid 
Line 
Capillary 
Tube 
Condenser 
Evaporator 
Discharge 
Line 
Suction 
Line 
Figure D.I Schematic diagram of components in charge inventory 
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D.I Volume Estimations 
Most of the volume estimations are simple calculations from diameter and length 
measurements of the refrigerant tubes. The compressor volume has the most uncertainty since it 
could not be measured directly and was obtained from manufacturer estimates. An identical 
accumulator was cut open and its internal volume was estimated from the measurements. The heat 
exchanger and refrigerant line volumes were calculated from either manufacturer specified 
dimensions or manual measurements of the components. A schematic of each of the components 
accounted for by the charge estimation equations is shown in Figure D.l. 
Del.l Compressor and Accumulator 
The compressor used in the room air conditioner is a rotary-vane type. These compressors 
are used in room air conditioners instead of reciprocating compressors because of their qmet 
operation and lower cost. This compressor also uses an accumulator to ensure that liquid droplets 
do not enter the compressor and possibly damage its mechanism. A little over O.SO Ibm of 
synthetic oil is used by this compressor. 
The compressor consists of a three-lobed vane inside a housing which compresses the gas 
entering from the accumulator. The oil is located in the bottom of the compressor on the high-
pressure side. Since the compressor could not be opened up to directly measure the internal 
volume, the volumes were obtained from manufacturer estimates. Panasonic reported that the 
compressor free internal volume was 67 cubic inches, in addition to the volume occupied by the oil 
(Dickey, 1994). The charge in the compressor is estimated to be 8% of the total charge at the 
rating point during steady-state operation. 
The accumulator consists of a vertical tube surrounded by a reservoir. The accumulator is 
designed to only allow vapor to enter the tube. Sometimes a dessicant or filter-dryer is used in the 
accumulator to insure no water circulates through the refrigerant loop. But, this accumulator was 
not designed to have a filter-dryer. An identical accumulator was provided with the room air 
conditioner, so it could be cut open. From measurements of the internal geometry of the 
accumulator, the internal volume was estimated to be 41 in3. The accumulator only accounts for 
2% of the total charge at the rating point. 
The compressor volume occupied by the oil is estimated to be 25 in3 by the manufacturer. 
Since the compressor has a high-pres sure-side oil sump, it is important to account for the amount 
of charge dissolved in the oil. Currently, this quantity is represented as a constant value in the 
simulation model. It is estimated that approximately 0.27 Ibm, or 4.3 ounces of liquid refrigerant 
would be dissolved in an alkylbenzene mineral oil at a typical sump temperature of 200 ~F and a 
discharge pressure of 320 psia (Glova, 1984). A future task will be to add refrigerant/oil solubility 
equations to the system simulation model. Given the various discharge pressures and sump 
temperatures for the latest data set, the refrigerant dissolved in the oil ranged from 10 to 17% of the 
total charge. 
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P. 1.2 Dischar&e Line 
The discharge line transports high-pressure refrigerant vapor from the compressor to the 
condenser. Since the refrigerant is always superheated, the mass of refrigerant in this refrigerant 
line is relatively small compared to the total. The dimensions of the discharge line are included in 
Table D.I. The discharge line internal volume is 2.1 in3 and the amount of charge in the discharge 
line is less than 1 % of the total. 
P.l.3 Condenser 
The condenser is a typical crossflow heat exchanger with two tube rows in the air flow 
direction. The volume for this heat exchanger is calculated from the geometrical parameters input 
in the initial guess file. Table P.2 shows the parameters used in the volume estimations and their 
values for both the condenser and evaporator. 
A very important volume estimation is that of the subcooled region of the condenser, since 
the refrigerant has a much higher density. This subcooled region calculation has some uncertainty, 
since the fraction of the condenser volume which is subcooled had to be estimated in the simulation 
model. Because of the subcooled region and the condenser's total volume of 59.7 in3, over 40% 
of the refrigerant charge is estimated to be in the condenser at the dry-coil rating point 
D.1.4 LiQuid Line 
The liquid line is a short copper tube which carries subcooled refrigerant from the 
condenser outlet to the capillary tube(s). The volume occupied by this component is one of the 
smallest in the total system, less than 0.30 in3. But this portion can be relatively important, since 
the tube is always filled with liquid refrigerant during steady-state operation. The percent of the 
total charge in the liquid line at the rating point (21 OF subcooling) is estimated to be 0.6%. 
P.l.5 Capillary Tube 
The capillary tube is like the condenser since it contains both subcooled and twcrphase 
refrigerant The major difference is that the volume it occupies is the smallest of all the 
components, only 0.26 in3. Therefore, a simplification was made in its mass inventory equation. 
Half of the two-phase volume was assumed to be liquid and the other half vapor. This results in a 
capillary tube mass prediction of less than 0.3% of the total. 
P. 1.6 Eyaporator 
Like the condenser, the evaporator is also a typical crossflow heat exchanger with three 
tube rows in the flow direction. It occupies the largest volume of all the components in the room 
air conditioner system. Like the condenser, the volume is calculated from geometrical inputs 
shown in Table D.2. The charge inventory estimates show that the evaporator accounts for about 
36% of the total charge in the system at the rating point. 
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0.1.7 Suction Line 
The suction line is a relatively long tube which connects the evaporator outlet to the 
accumulator inlet. As shown in Table 0.1, the volume of the suction line was large compared to 
the other refrigerant lines, calculated to be 10.9 in3. However, the refrigerant flowing through the 
suction line is almost always vapor. Therefore, the contribution of the suction line to the total 
system charge is small. The total mass in the suction line is estimated to be less than 1 % of the 
total. 
Table 0.1 SU1llIl18ry of tubing dimensions 
Table 0:2 Summary of heat exchanger dimensions 
D.2 Void Fraction Correlations 
The calculation of refrigerant mass in the two-phase regions of both heat exchangers is 
much more difficult than in the single-phase regions. The two factors which affect the accuracy of 
this calculation are the void fraction and the heat flux assumption. The simulation model uses a 
constant heat flux assumption. Rice found the heat flux assumption to be of lesser importance than 
the void fraction correlation for both evaporators and condensers (1987). The choice of void 
fraction correlations is not often clear, mass inventory prediction in the two-phase region of 
evaporators can vary by as much as a factor of 10 depending on the correlation chosen (Rice, 
1987). 
There are four basic types of void fraction correlations: homogeneous flow, slip-ratio-
correlated, XtrC0rrelated. and mass-flux-dependent They are listed in order of increasing 
complexity . 
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D.2.1 HODlOGJlOUS Flow Assumption 
The homogenous flow assumption is the simplest type of void fraction correlation. This 
type of correlation assumes the liquid and vapor portions of the tw~phase flow travel at the same 
velocity. A property index, defined as the ratio of vapor and liquid densities, is used to nonnalize 
the void fraction for any fluid. The form of the correlation is shown in Equation 0.2.1. 
0.2.1 
D.2.2 Slip-Rati~Correlated 
The slip-ratio-correlated correlations have a similar foml to the homogenous flow 
approach. The slip ratio estimates the ratio of the vapor velocity to the liquid velocity. There have 
been several separate correlations developed which use a slip-ratio assumption. These correlations 
only differ in the way the slip-ratio is calculated. 
1 
a=----~ ........... -l+C:X}(~}s 0.2.2 
For the prediction comparison, two slip-ratio correlations were chosen. Zivi developed a 
slip-ratio correlation for annular flow assuming minimum entropy production under conditions of 
zero wall friction and zero liquid entrainment. The form of this correlation is shown in Equation 
D.2.3. 
0.2.3 
Thorn obtained slip-ratios for an extensive range of void fractions for steam and water 
(1964). Ahrens generalized this data for different refrigerants by using a property index which 
included the ratio of vapor and liquid densities along with the ratio of liquid and vapor viscosities 
(1983). Ahrens developed this correlation for use with heat pump applications. A curve fit of 
Thorn's data is shown below. 
0.2.4 
D.2.3 Xu-Correlated 
A third type of void fraction correlation uses the Lockhart-Martinelli parameter to estimate 
the contributions of the liquid and vapor portions of the tw~phase flow. This parameter was 
developed for pressure drop estimations and is defmed as the ratio of the pressure drop assuming 
only liquid flow to the pressure drop assuming only vapor flow. 
62 
D.2.5 
Lockhart and Martinelli presented void fraction as a function of XIt on two-phase/two-
component adiabatic flows near atmospheric conditions (1949). Curve fits of this data are 
presented in Equation D.2.6. 
for XIt S 10 D.2.6 
a = 0.823- 0.157 ·In(Xu ) for Xtt> 10 
These correlations were used by Domanski for a heat pump simulation model (1983). 
D.2.4 Mass-Flux-DqJendent 
The mass-flux-dependent methods include both physically-based and empirically-based 
correlations. The most popular correlation of this type is the Hughmark correlation, which is 
based on empirical data. The Hughmark correlation was developed for flow in vertical tubes. but 
has been found to predict well for horizontal flow as well. 
The correlation is presented as a correction to the homogeneous equation, using a 
correction factor. KH. 
D.2.7 
where KH is a function of the parameter, Z. defined in Equation D.2.8. 
Re1/6 Fr1l8 
Z = ex 1/4 D.2.8 
YL 
The variable. YL. is equal to the homogeneous void fraction, shown in Equation D.2.1. An 
iterative procedure is required to calculate the Hughmarlc void fraction. since Z is a function of void 
fraction through the Reynolds number. This approach has been used in the past for several heat 
pump simulation applications (Otaki and Yoshii, 1975; Farzad and O'Neal, 1993). 
D.3 Prediction 
In order to find the most suitable void fraction correlation for the simulation model, the five 
previously mentioned correlations were compared with measurements taken from our test facility. 
Since the refrigerant charge in the various components could not be recorded during the steady-
state operation of the room air conditioner, the prediction of the correlations had to be compared to 
the total charge reported to be in the room air conditioner. These comparisons were made for 
several data points which covered a wide variety of off-design and design conditions. 
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In order to isolate the correlations from the simulation model approximations, the measured 
temperatures throughout the system were used in the charge inventory equations, instead of 
predicted values. Also, the fractions of the heat exchangers that were superheated, two-phase, and 
subcooled (condenser) were estimated from the heat exchanger component models for each dry-
coil data point. The refrigerant pressures were calculated from pressure drop correlations, since 
this initial data set consisted of only surface thermocouple measurements. In addition, the 
refrigerant mass flow was obtained from a refrigerant-side energy balance. 
The amount of charge in the two-phase regions of both the evaporator and condenser were 
calculated using a refrigerant gas density weighting factor, Wg, defined in Equation D.3.1. 
1"0 fa(x) .dx 
W _ XI fQ(x) 
B -lxO 1 
--·dx 
XI fQ(x) 
D.3.1 
where fa (x) is defined by the void fraction correlation, and fQ(x) is defined by the heat flux 
assumption. Since a constant heat flux assumption is used, the heat flux is linearly proportional to 
quality, x. This weighting factoris integrated over the tube length using a Gaussian-Legandre 
quadrature method for numerical integration (porter and Bullard, 1992). 
The results of the comparisons are shown in Figure D.2. The total charge was plotted 
versus measured subcooling for five different void fraction correlations: Hughmark, Lockhart-
Martinelli, Thom, Thom/Zivi, and Homogeneous. The Thom and Zivi void fraction correlations 
were combined since the Zivi correlation is applicable only to annular flow (as in the condenser) 
and the evaporator was estimated to have wavy-stratified flow (Appendix B). 
The actual charge in the Whirlpool room air conditioner is reported by the manufacturer to 
be 1.875 Ibm, or 30 ounces. The amount of charge dissolved in the oil sump depends on the 
discharge pressure and the oil sump temperature. For the initial data set, the amount of oil 
dissolved in the oil sump was estimated to range from 0.235 to 0.345 Ibm (Glova, 1984). 
Therefore, the remaining charge in the system ranged from 1.53 to 1.64 Ibm; these quantities are 
shown as dashed lines in the next figure. 
The total charge is overpredicted for a majority of the void fraction correlations. A source 
of this overprediction could be inaccuracy in the surface thermocouple measurements. In addition, 
there is some uncertainty in the manufacturer charge estimates, since the actual charge in the system 
was not verified experimentally. The magnitude of these uncertainties will be quantified when 
refrigerant-side instrumentation is installed and the room air conditioner unit is re-charged with a 
measured amount of refrigerant, to eliminate the dependence on the factory charge estimate. 
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Figure D.2 Predicted total charge versus subcooJing 
This figure shows that there is a significant trend in the charge inventory predictions with 
measured subcooling. In addition, there is a substantial amount of scatter in the charge prediction. 
Both the Hughmark and Lockhart-Martinelli void fraction correlations predict the highest amount 
of charge. This is consistent with what has been reported in previous analyses (Rice, 1987; 
Farzad and O'Neal, 1993). Figure D.2 demonstrates that both the Thorn and Homogeneous void 
fraction correlations most accurately predict the total charge. Using the Thom correlation for the 
evaporator and the Zivi correlation for the condenser overpredicts the charge for all of the data 
. points. 
It was decided to use the Thorn void fraction correlation for the charge inventory equations. 
Both the Thorn and homogeneous correlations predict the total charge equally well, but it was felt 
that the slip-ratio assumption of the Thorn correlation was more physically accurate than the 
simplifications of the homogeneous flow assumption. The Thorn correlation was developed from 
steam and water data 'obtained' for a wide (but unspecified) range of pressures and qualities. The 
data points were designed to include the initial onset of nucleate boiling at the tubes. In-addition, 
the Thorn correlation has been recommended for use in heat pump applications (Ahrens, 1983). 
The next task was to calculate the amount of charge in the various components of the room 
air conditioner system. This analysis was performed using the Thorn void fraction correlation. 
Figure D.3 shows the results of this analysis. 
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Figure D.3 Distribution of charge in a room air conditioner 
This plot shows that most of the charge is located in the evaporator, condenser and 
compressor. On average, the evaporator accounts for 41 % of the total charge, while the condenser 
accounts for 44% of the total charge. The compressor free volume is estimated to hold 10% of the 
total charge as vapor during steady-state operation. The refrigerant lines, the accumulator, and the 
capillary tube account for the remaining 5%. 
The predicted charge in the evaporator decreases with measured subcooling, which 
accounts for the total charge prediction's dependence on subcooling. From our measurements, 
conditions that produced low subcooling usually produced low superheat as well. This causes the 
two-phase area fraction of the evaporator to increase with decreasing subcooling. On the other 
hand, the condenser charge increases only slightly with condenser subcooling. The predicted 
charge in the compressor is relatively constant All three components seem to contribute to the 
scatter in the total charge prediction. 
The effect of inaccuracies in the area fractions obtained from the heat exchanger models 
was also estimated. A 5% decrease in the two-phase area in the evaporator produced a 2% 
decrease in the evaporator charge prediction. Similarly, a 5% decrease in the subcooled fraction of 
the condenser produced only a 1.5% decrease in the condenser charge prediction. Consequently, 
these area fractions are probably not the only source of error in the total charge prediction. 
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Future tasks include trying to improve the total charge prediction at lower subcooJing 
conditions. Additionally, the scatter in the prediction needs to be reduced. More detailed and 
accurate analyses can be performed with a data set obtained with tefrigerant-side instrumentation. 
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Appendix E 
Compressor and Connecting Line Parameter Estimates 
E.1 Compressor Heat Loss 
. The compressor is one of the most difficult components to model, due to the complicated 
flow and heat transfer processes which occur there. Numerous papers have proposed detailed 
compressor models which account for compressor parameters like clearance volume, compressor 
speed, and heat loss (Davis and Scott, 1978). Instead of adding this complexity to the system 
model, performance maps from the manufacturers were used to estimate compressor power 
requirements and refrigerant mass flow at different inlet and outlet saturation temperatures 
(pressures). 
The compressor maps do not provide any information about how much heat is rejected 
from the compressor to the air. Therefore, it is necessary to estimate the portion of the compressor 
power which is lost through heat transfer from the compressor shell. The heat loss determines the 
amount of compressor power that imparts a pressure rise in the refrigerant. In addition, this heat 
loss increases the temperature of the air entering the condenser, thereby reducing the air to 
refrigerant temperature difference across the condenser coil. 
Given the inlet power, P ccmp' and the enthalpy difference at the compressor, the beat loss 
can be estimated for each data point. This heat loss is then used to estimate a conductance for the 
compressor, Ucomp, using the temperature difference from the compressor shell to the ambient 
outdoor air. This relationship is shown in the following equation: 
U = p camp - mid' . (hdia - hlUe ) 
camp Aoamp (T Ihell - T outdoor ) E.l.1 
where hrus and hsuc are the discharge and suction enthalpies. The surface area of the compressor , 
Acomp, was estimated from manufacturer specifications to be 1.26 ft2. 
The compressor shell temperature is not directly calculated in the simulation model, but 
observations of our data demonstrated that their is a linear relationship between the compressor 
shell temperature and the discharge temperature. Therefore, the compressor shell temperature can 
be calculated from the discharge temperature. 
E.l.2 
Using this curve fit, the shell temperature could be predicted within a confidence interval of 2.9 CP. 
The measurements showed that the compressor shell temperature varied from 150 to 230 oF. 
The conductance of the compressor was estimated using the 18 dry and 10 wet data points 
which had a superheated exit from the evaporator. Using this limited data set was necessary, since 
the refrigerant mass flow had to be obtained from an energy balance on the evaporator. The final 
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result minimized the error between the measured and predicted compressor discharge temperabJl'es. 
The estimations resulted in an average Ucomp of 19 Btu/(h-ft2..°F). This produced a 95% 
confidence interval on the predicted compressor heat loss of 678 Btu/h, or about 29% of the 
average. More importantly, the confidence interval on the discharge temperature prediction was 
only 9.8 OF, as shown in Figure E.1. 
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Figure E.1 Comparison of predicted and measured discharge temperature 
These results still have substantial uncertainty associated with them. The scatter in the compressor 
heat loss prediction will hopefully be improved with refrigerant-side instrumentation. 
The effects of air velocity and compressor shell temperabJl'e on this conductance were also 
investigated. For the high fan speed data the conductance for the compressor was 19.0 Btu/(h-ft2. 
oF) and for the low fan speed the conductance was estimated at 19.6 Btu/(h_ft2_~. Therefore, the 
20% change in air velocity from low to high fan speed was lost in the uncertainty of the heat loss 
measurements. In addition, the compressor conductance did not demonstrate a noticeable ttend 
with compressor shell temperabJl'e. 
In order to calculate a conductance for a different compressor, its smface area must be 
known. In addition, two measurements of discharge temperabJl'e and compressor shell 
temperature are required, in order to find the relationship between these two temperatures. Finally, 
compressor heat loss and power measurements for the standard rating point should be taken. If 
this is not possible, a rough estimate of the heat transfer could be made by using the Ucomp from 
the original compressor. In order to reduce the number of parameters, the simulation model 
combines the estimates ofUcomp and Acomp into a single input, UAcompt equal to 24 Btu/(h-~. 
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E.2 Refrigerant Line Heat Transfer 
Heat transfer in the refrigerant lines is also accounted for in the system model. In the 
ORNL version of the room air conditioner simulation model, the refrigerant line heat transfer was a 
user-specified input set at a constant 100 BtuIh each for the suction line, liquid line, and discharge 
line (O'Neal, 1990). Instead of using constant values, the latest version of the model uses 
conductances based on the refrigerant to outdoor air temperature difference to calculate the heat 
transfer occurring at the refrigerant lines. The magnitudes of heat transfer are much smaller than 
the 2350 BtuIh seen at the compressor, due to the smaller surface areas and temperature 
differences. 
The air velocity at the condenser inlet grille also suggests small magnitudes for the heat 
transfer from the refrigerant lines. A high estimate of the air velocity over these connecting lines 
can be made from the manufacturer air flow rates and estimates of the free-flow area through the 
condenser inlet grille. These calculations produced an air velocity of 37 ft/s for the high fan speed 
and 31 ftls for the low fan speed. Since the air flows from the inlet grille into a plenum-like 
region, the air velocity over the refrigerant lines is most likely lower than these estimates. 
The system model input parameters required for the connecting lines are the inside 
diameter, length, and constant conductance for the discharge line, liquid line, and suction line. 
; 
450 1 --~-.......... + .... ·· .. ·-···.-..... ·i·· .. ·----···.--i-.. ··-............ -····i· .. ··--_···_ ... _ ..... __ .... . --~.-+--6-!~ 400 
j:i~rt--±= 
~ I I I 
-v ... .. 
. :::
350 
300 
: 
j iii 
----------- ----------------l---------------r---------------r----------------r-----------250 
iii f 
i 
200~~~~~~~~~~~~~ 
200 250 300 350 400 450 
Measured QlossDL [Btu/hl 
500 
Figure E.2 Comparison of predicted to measured heat loss for discharge line 
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E.2. 1 Dischar~ Line 
The discharge line carries high pressure, high temperature refrigerant from the compressor 
to the condenser. It is also located within the path of air entering the condenser. Since the 
discharge line temperatures are much higher than the ambient air, this refrigerant line rejects heat 
during steady-state operation. 
The measured discharge line heat transfer ranged from 250 to 450 BtuIh. Using the 18 
dry-coil and 10 wet-coil data points, the conductance for the discharge line was estimated to be 17 
Btu/(h-ft2_0F). With this estimated conductance, the 95% confidence interval on the discharge line 
heat loss was 51 BtuIh. The prediction of the discharge line heat loss using the estimated 
conductance is shown in Figure E.2. 
E.2.2 Suction Line 
The suction line connects the evaporator to the accumulator and is located close to the 
condenser inlet grille. Due to the temperature difference between the inlet air flowing over the 
condenser and the low temperature refrigerant, the suction line can gain heat. The heat transfer 
conductance for the suction line was estimated using the 18 dry-coil and 10 wet-coil data points. 
These estimations produced some suprising results. The measured suction line heat 
transfer ranged from -50 Btu/h to over 150 Btu/h. Due to this large amount of scatter and the very 
low heat transfer rates, the conductance was estimated to be only 5 Btu/(h-ft2_0F). The low heat 
transfer rates could be explained by the fact that almost a third of the suction line was insulated. 
The confidence interval on the suction line heat gain prediction using the estimated conductance 
was over 150 BtuIh. The uncertainty is probably attributable to effects of axial conduction along 
the tubes. A more accurate picture of the heat gain in the suction line will be obtained after 
immersion thennocouples are installed. 
E.2.3 liQuid Line 
The liquid line connects the condenser outlet to the capillary tube(s). For the unit tested, 
the liquid line was very short and not in the path of the air flow. Consequently, the heat transfer 
from the liquid line was expected to be minimal. In addition, only a thermocouple at the inlet to the 
liquid line was placed on the test air conditioner, therefore, the heat loss could only be estimated 
assuming a reasonable heat transfer conductance. 
An average heat transfer conductance of the suction line and discharge line was used for the 
liquid line. This is probably a high estimate, since the air velocities are much lower over the liquid 
line. With this conductance, the heat transfer from the liquid line ranged from 4 to 14 BtuIh. Since 
the estimated heat loss was most likely within the uncertainty of the assumptions of this- analysis, 
the liquid line conductance was set to zero. 
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Appendix F 
Table F.1 Data point descriptions 
Tindoor Toutdoor Fan Tevap Tcond 
DB/WB [Of'] DB/WB [opj Speed [Of] [Of'] 
81/56 83/60 L 35 120 
81/57 83/59 H 38 117 
68/48 68/48 L 25 101 
68/49 96/59· L 31 127 
68/51 116/67 L 38 146 
81/54 70/49 L 33 109 
81/55 96/60 L 39 132 
81/55 116/67 L 45 150 
96/61 76/52 L 41 118 
96/61 96/61 L 46 137 
96/62 116/68 L 52 155 
116f70 86/59 L 51 133 
116f70 96/62 L . 54 143 
116f70 111/67 L 59 156 
68/48 - 67/48 H 27 99 
68/50 95/60 H 34 125 
68/52 115/67 H 39 143 
81/56 71/53 H 34 106 
81/58 95/62 H 41 130 
81/59 115/69 H 46 148 
96/62 76/54 H 42 115 
96/62 96/62 H 48 134 
96/63 116/69 H 54 152 
116/69 86/57 H 52 130 
117/69 96/61 H 56 140 
116/55 111/67 H 60 153 
81/55 96/60 M 40 131 
81/58 116/68 M 45 149 
81/67 96/85 L 45 128 
81/67 96/84 H 45 126 
81/63 96/81 L 42 129 
101n4 96/82 L 51 135 
101n8 96/84 L 52 133 
101/84 96/86 L 53 130 
81/63 96/80 H 44 128 
101n5 96/82 H 52 133 
101n8 96/83 H 52 130 
101/84 96/86 H 53 128 
* approximates conditions of ARI Standard. 210/240-89 Dry-coil Rating Point 
+ approximates conditions of ARI Standard. 210/240-89 Wet-coil Rating Point 
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Table F.1 Data point descriptions (cont) 
Data ATsup ATsub Qevap EER IDzcfDs ID HzO.-
Point ["F] ["F] [Btu/h] [Btu/hIW] [lbm/h] (lbmlh] 
39 2 21 15497 8.58 222 0 
40 8 23 16421 9.00 227 0 
1 ** 22 13980 9.30 ** 0 
2 ** 13 12213 6.34 ** 0 
3 ** 7 11051 4.73 ** 0 
4 4 24 16038 9.88 216 0 
5 ** 16 14362 7.03 ** 0 
6 ** 9 12633 5.13 ** 0 
7 11 26 17519 9.87 237 0 
8 4 20 16603 7.71 254 0 
9 1 13 14892 5.66 261 0 
10 24 27 19515 9.47 268 0 
11 20 24 18924 8.27 277 0 
12 14 19 17812 6.66 289 0 
13 4 24 14874 9.68 194 0 
14 ** 16 13467 6.87 ** 0 
15 ** 9 11758 4.99 ** 0 
16 15 26 16737 10.16 215 0 
17 2 20 15654 7.60 234 0 
18 ** 13 13993 5.68 ** 0 
19 26 28 18609 10.46 238 0 
20 13 23 17861 8.30 259 0 
21 4 17 16331 6.24 273 0 
22 37 29 20420 9.98 265 0 
23 32 27 19982 8.83 275 0 
24 25 22 19245 7.32 292 0 
25 ** 19 15244 7.45 ** 0 
26 ** 11 13411 5.51 ** 0 
28 8 22 16723 8.59 240 5.4 
34 14 24 17015 8.60 237 5.6 
27 1 20 15969 8.09 238 3.0 
30 16 25 18527 8.88 264 3.9 
31 25 27 19176 9.39 262 6.2 
32 33 28 19492 9.76 256 9.2 
33 4 22 16774 8.32 244 2.7 
36 24 27 19319 9.08 265 3.3 
37 31 28 19764 9.51 262 6.2 
38 38 29 18821 9.30 242 9.4 
** Two-phase (saturated) evaporator exit 
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Appendix G 
Evaporator Dehumidification Algorithm 
An important part of most air conditioning processes involves the removal of moisture from 
the air to be cooled, or dehumidification. Dehumidification is a necessary process in order to 
maintain human comfort levels in living spaces. Consequently, in more humid environments, 
evaporator capacity consists of both a sensible and latent portion. 
As described in Chapter 3, a dehumidification algorithm for the evaporator was derived to 
predict moisture removal and capacity during wet-coil conditions. This set of equations was 
designed to replace a subroutine developed for the Oak Ridge National Laboratories (ORNL) Heat 
Pump model (Fischer and Rice, 1983). Instead of using an external subroutine, the equations 
were placed in the simultaneous equation set to take advantage of the Newton-Raphson method 
used by the system model. 
This approach uses a three-zone model in the most complicated case: a superheated region, . 
a dry two-phase region, and a wet two-phase region. A schematic of this condition is shown in 
Figure G.1. 
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Figure G.1 Evaporator submodel geometry 
The wet two-phase region differs from the other two regions in several ways. The energy 
balance equations for the wet region include a sensible tenD, which is treated the same as the dry 
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two-phase region energy balance, plus a latent term. Additional equations for the latent portion 
include mass traiIsfer, driven by the difference between humidity ratios of the bulk air and wet 
surface. Because the Lewis number is approximately equal to one for air at standaId conditions 
(Bejan, 1993), the mass transfer coefficient is numerically equal to the heat transfer coefficient 
The other equations calculate the total amount of moisture removed and the latent portion of heat 
transfer. 
A fully wet condition can exist if the surface temperature of the leading edge is at or below 
the dewpoint of the entering air. For this case, the equations for the dry two-phase region are 
ignored. Similarly, if the surface temperature of the trailing edge of the evaporator is greater than 
the dewpoint of the entering air, the evaporator is considered to be fully dry. In the general case all 
equations are coupled for all three zones. 
Several assumptions were made in order to reduce the number of equations added to the 
simultaneous equation set As mentioned earlier, the Lewis number was assumed to be unity, as 
assumed in several previous analyses. (Domanski, 1982; McQuiston, 1975) By definition, the 
surface temperature at the inlet to.the wet region was set equal to the dewpoint temperature during 
partially wet conditions. In addition, the rate equation for the latent portion of the heat transfer 
used an average humidity ratio differential from the free stream. to the surface. The water film 
resistance was also assumed to be negligible. Finally, during a partially wet coil the effect of the 
water fIlm on the boundary layer was neglected. All of these assumptions were also used by the 
ORNL dehumidification subroutine. 
In order to validate the evaporator submodel, the prediction of these equations were 
compared to the original ORNL dehumidification subroutine. The prediction of the new equations 
was slightly better than the ORNL equations in terms of capacity and COP. For one of the 
preliminary data sets, the average error in the capacity prediction improved from around 9% to 7% 
of the average measured capacity. This difference is attributed to additional simplifying 
assumptions associated with ORNL's use of the enthalpy potential method rather than calculating 
sensible and latent heat transfer separately. In addition, the sensible portion of the wet surface heat 
transfer is calculated by an effectiveness equation for the new submodel while the ORNL 
subroutine uses the arithmetic mean temperature difference between the refrigerant and free stream. 
Adding the new equations to the simultaneous set increased the computing time per iteration 
by about 60% over that required when the equations were located in an external subroutine. This 
added time is due to eleven wet-region Newton-Raphson residual equation added to the 41 
-
equations in the original evaporator submodel, bringing the total number of equations for the 
system to 165. This run-time increase is more than the (N2IN1)3 expected for general Gaussian 
Elimination, but this reflects the fact that the new equations are highly interconnected (or less 
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sparse). Even with this increase, the new system model still requires less than a minute of 
processing time to reach a solution for each operating condition. 
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AppendixH 
Additional Heat Transfer Calculations 
H.I Overall Conductances 
Each heat exchanger has a separate subroutine where the overall conductances for each 
zone are calculated, USEV AP and USCOND. These conductances are based on refrigerant-side 
area and consist of refrigerant-side, tube, contact, and air-side components. Within these two 
subroutines, the refrigerant-side and air-side heat transfer coefficients are calculated using external 
functions. 
H.l.l Oyerall Eguations 
For the evaporator, overall conductances are calculated for the superheated and two-phase 
zones. The equations used for each of these conductances are shown below. 
H.1.l 
H.l.2 
Each of the resistances is defined by the following equations. The tube and fin resistance is 
calculated using the following equation (lncropera and DeWitt, 1990): 
Rtubcs = Din . [In{DouJDin ) + In{Derr/Dout )] 
klUbe kfin 
H.1.3 
where k represents thennal conductivity and Deff is the outer diameter of the tube plus the fin collar 
thickness. The contact resistance equation is shown below: 
Din Rcontact = --~-
D out . hcontact 
H.l.4 
where hcontact is obtained from the following correlation (Fischer and Rice, 1983). 
[ ]
0.6422 
h~ =4.51 X 10'. (F. )' 
DOIll • l/{Fp • F tIl)-l 
H.l.S 
The original source of this correlation was not provided in the ORNL documentation. Since the 
contact resistance was estimated to contribute less than 0.1 % to the overall resistance, a large 
amount of uncertainty in the contact resistance would still be smaller than that due to resistance on 
the air side. The air-side resistance is calculated using the following equation: 
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1 
.R. =-----
- CF . Tl.urt • hUr H.1.6 
where Tl.urt is the surface efficiency and CF is the coil factor. The surface efficiency is calculated 
in an external function which is documented in the Section H.S. The coil factor is defined as the 
ratio of the total air-side area to the refrigerant-side area, as defined in Section H.2. 
The condenser conductance subroutine has the same resistance equations but uses the 
geometry and mass fluxes seen by the condenser. The condenser has three separate conductance 
equations for the desuperbeating, two-phase, and subcooled regions. 
H.1.7 
H.1.8 
H.1.9 
Additional calculations required for these overall conductances are described in the 
following sections. 
H.2 Heat Exchanger Geometry 
The air-side resistance calculations require information about the geometry of the heat 
exchanger. A generic set of equations originally used by the ORNL Heat Pump model were used 
to obtain this geometty information (Fischer and Rice, 1983). A diagram of a typical cross-flow 
heat exchanger is shown in Figure H.I. 
All of the following variables and equations are internal to the model and are located in the 
subroutines USCOND and USEV AP. The calculations treat the heat exchanger as a series of 
identical tube segments and fin elements. The outputs of these calculations include CF, the ratio of 
the air-side area to the refrigerant-side area, and Amin, the ratio of the total air-side area to the 
minimum free flow area, used for hydraulic diameter calculations. 
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Figure H.I Typical fin and tube heat exchanger geometry 
Table H.I Heat exchanger geometry variable descriptions 
Short Form ProJn"alIl Form Description Units 
ST VTubeDist vertical tube spacing [ft] 
SL HTubeDist horizontal tube spacing [ft] 
NT TubeRows number of tube rows in [-] 
flow direction 
Dout Dout outer refrigerant tube [ft] diameter 
Din Din inner refrigerant tube [ft] diameter 
Fp FinPtch fin pitch [#fins/ft] 
Fth FinTh fin thickness [ft] 
Atot Atot total air-side area per length 
of tubing in one circuit 
[ft] 
All Aff minimum free-flow area per [ft] length of tubing in one 
ciIcuit 
An-I Aref refrigerant-side area per [ft] length of tubing in one -
circuit 
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Table R 1 Heat exchanger geometry variable descriptions (conL) 
Shott Form Program Form Description Units 
Amin. Amin ratio of total air-side area to [-] 
minimum. free-flow area 
CF coilfac ratio of total air-side area to [-] 
refrigerant-side area 
The equations used for these overall heat exchanger geometry calculations are listed below. 
The equations used to calculate the outputs, Amin.and CF, are listed first followed by the 
intennediate variable equations. 
A . = At« 
mm A 
ff 
H.2.1 
H.2.2 
H.2.3 
H.2.4 
H.2.S 
H.2.6 
Note that Aref is the nominal inside area, that of a smooth unfinned tube having an inner 
diameter equal to that of the maximum inner diameter of a fmned tube. In the case of finned tubes, 
therefore, Aref is the unenhanced area. 
H.3 Air-Side Heat Transfer Correlations Used by the Model 
The air-side heat transfer correlations consist of a plain-fin and tube correlation developed 
by Gray and Webb (1986), a louver ~on correlation developed by Nakayama and Xu 
(1983), and a wavy fm correlation developed by Xiao and Tao (1990). Each are dependent on the 
geometry of the heat exchangers, the enhancement geometry, and the air Reynolds number. 
Currently, the plain fin and tube correlation along with the louver enhancement correlation 
are used by the condenser. While the wavy fin correlation is used by the evaporator. 
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H,3.1 Switchin~ Enhancements for either Heat Excban~er 
The system model allows the user to change the enhancements used for either the . 
evaporator or condenser. The enhancement choice can be changed in the initial guess file (XI{) 
without recompiling the source code. The choice is represented in two parameters, typeE and 
typeC, for the evaporator and condenser, respectively. Table H.2 shows the. choices for the 
enhancement types. 
Table H.2 Choices of air-side enhancements 
typeE or typeC Enhancement 
1 Plain Fin 
2 Louvered Fin 
3 Wavy Fin 
For the louvered fin correlation, inputs of the louver geometry are required: louver length in 
the flow direction, Ls; louver width transverse to the flow, Ss; and number of louvers per tube, 
Ns. The parameter names and descriptions are provided in Appendix F. The separate correlations 
for each type of enhancement are documented in the following sections. 
H.3.2 Plain-Fin and Tube Correlation 
The plain fin correlation is shown below along with the variable definitions. The 
correlation is defined in terms of a dimensionless heat transfer coefficient, called a j-factor. The 
inputs to this correlation include tube spacings, rm spacing, and the outer tube diameter. This 
correlation also has a correction for the number of tube rows in the flow direction less than four, 
Reactor. The range of the input parameters to which this correlation is applicable is also indicated. 
J' 0 = 0.14. ReDOJ2&.(ST)- . (..!..)D.lD12 .R 
plain - S D factar L elf 
H.3.1 
[ 
~ 031]O,607(4-NT) 
R =0991 2 24'Re~o292.(NT) 0 f_ • • Dodf 4 H.3.2 
500 < ReDeff< 24,700 1.97 < STlDeff < 2.55 
1. 70 < SiJDeff < 2.58 0.08 < SlDeff < 0.64 1 <N<8 
In the previous equations, ST is the tube spacing in the direction transverse to the flow, SL is the 
tube spacing in the direction of the flow, and S is the fin spacing. Additionally, Deff is the fin 
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collar diameter and NT is the number of tubes in the flow direction. The only parameter outside the 
correlation range is the ratio of the transverse tube spacing to the outer diameter for the condenser, 
which is 3.0 for the Whirlpool test unit But the rest of the dimensionless geometry parameters 
and Reynolds numbers for both heat exchangers are within the ranges of the correlations. 
H.3.3 Louyer Enhancement Correlation 
The louver enhancement factor is multiplied by the plain-fin and tube j factor, shown in 
Equation H.3.1. The louver correlation requires inputs of the louver geometry, including louver 
width, length, and number of louvers per tube. This louver geometry is represented with a 
dimensionless parameter called cj).. The range of this dimensionless parameter as well as the 
Reynolds number range for which this correlation is applicable are also shown in the following 
equations. 
Fj = 1 + 1093· (FBth J~ . cj).o.,... Re;:sa+ 1.097 {~th JII9 . ,"2.26. Re:: 
cj).= (2Ns-l)·Ls·Ss 
ST ,SL -1t·D~/4 0.2 ~ cj). ~ 0.35 
250 < ReDH < 3000 5.9xlO-3 in < t < 7.9xl0-3 in 
14.1 fins/in < Fp < 10.2 fins/in 
H.3.3 
H.3.4 
In the previous equations, Ftb is the fm thickness, Ns is the number of louvers per tube, Ls is the 
length of the louver, and Ss is the width of the louver. In addition, DH is the hydraulic diameter 
based on the minimum free flow area and Fp is the fin pitch. 
The application of this louver correlation to our heat exchanger geometry is somewhat 
beyond the range of the correlation. For both heat exchangers the fm pitch is 16 fms{m and the fin 
thickness is close to 5xlO-3 inches. But, this is one of the few louver correlations which covers 
our Reynolds number range and is correlated for a range of louver geometries. 
H.3.2 WavY Fin Correlation 
The wavy fm correlation was correlated for a range of fin spacings and Reynolds numbers. 
This correlation is not a correction to the plain-fm correlation; it is an entirely different correlation. 
Equation H.3.5 shows the correlation along with the range of applicability for fm spacings and 
Reynolds numbers. 
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400 < ReDH < 4000 
0.189 < ~ < 0.379 
DcrIf 
H.3.5 
The Reynolds numbers for the evaporator are within the correlation range. But, the ratio of fin 
spacing to outer tube diameter is 0.150 for the evaporator. 
H.4 Additional Air-side Correlations 
H.4.1 Heat Transfer Coefficients 
This section can be used as a partial reference to the current air-side heat transfer and 
pressure drop correlations applicable to crossflow heat exchangers. The air side contributes the 
most uncenainty to the heat transfer calculations of the simulation model. Therefore, it was 
important that the best correlations available were used The correlations shown in the following 
table document the various correlations that were tested (Rosario, 1995). 
Table H.3 Plain fin and louvered fin heat transfer correlations 
Investi2ator Correlation Ranees 
Gray &Webb tOJ' plain fins 
(1986) 
-( r jplUn = 0.14· Re::-(~:) . D~ . Rfactar 1<N<8 [tube rows] 0.392 < Deff < 0.675 [in] 
1.97 < StJI)eff < 2.55 
1.70 < S1/Deff < 2.58 [ -'r~~ 0.08 < 6/Deff < 0.64 Rf_ = 0.991 224· Reri!ft292 -( ~) . 0.024 < t/Deff < 0.032 
500 < Reoar< 2A700 
Nakayama j = 0.479 ReDb ~.644F j tOJ' louvered fins & Xu (~983) 1<N<6 [tube rows] 
(t)'"24 (tr·m 
0.0059 < t < 0.0079 [in] 
F. = 1 + 1093 - fll o.944Re~·58 + 1 097 - fll ReUS 0.071< Pf < 0.098 [in] 
J 6· s Db • 6 • Db (fin pitch) 
0.315 < Deff < 0.63 [in] 
fll = LsSs (2 Ns-l) 1.1 < St < 1.5 [in] 
• St. SI- 7t D!r I 4 0.59 < Sx. < 1.3 [in] 0.315 < fll. < 0.709 [in] 
250 < Re Dh< 3000 
Kayansayan j = 0.15. ReDcff ~.28 £~.362 tOJ' plain !ins (1993) N S4rows 
£=1 + [:(;~X;:J-1] (1-~) (D~~FP) 2.39< St/Deff < 3.15 2.07< SVJ)eff < 2.67 0.131 < 6/Deff < 0.425 
(J = (1- ~~ ) (1-t· FP) 500 < Re Dcff < 30000 
84 
Table H.3 Plain fm and louvered fin heat transfer correlations (cont.) 
Investi~ator Correlation -Ran2es 
Elmahdyand j = C1 Reg! for plain fins Biggs N S4rows (:JI41 (~h r·065 Dh=Hydraulic diameter C1 = 0.159 0.39 < Deff < 1.16 [in) 0.737 < Fd < 2.75 [in} 75 < FP < 234 [fm/ft} 
(:.)""049 (!f77 0.08 < Dh < 0.293 [in) 0.006 < t < 0.08 [in} C2 = - 0.323 0.964 < St < 2.8 [in} 0.835 < Sl < 2.44 [in} 
200 < ReoH < 2000 
Table H.4 Wavy fm heat transfer correlations 
Investigator Correlation Ran~es 
Webb GzS25 Plain Fin Correlation (1990) 5 <Gz< 180 [Graetz##] (~ r 1.15 < St/Sl < 1.67 Nu. = 0.4 GzO.73 Delf No.n 2<N<6 Deff= 0.5 in 
0.112<=6/Deff<=0.154 
Gz>25 t= 0.005 in ( )~ Wavy Fin Correlation 0.53 GzO.62 D~ NO.31 Nu. = 5 <Gz< 180 
St/Sl = 1.15 
Wavy fin geometry 
N=3 
Deff = 0.375 in 
GzS25 0.154 < 6/Deff < 032 
Deff= 0.5 in (S f'( ~ fM(S rrs f~ 0.076 < Sd/Deff < 0.25 Nu. = 0.5 GzO.86 _t_ -- -!!. .=..e.. t = 0.005 in 
Deff Deff 51 51 
Gz>25 
(S )""( ~ fl6(S f(2S f~ Nu. = 0.83 GzO.76 _t_ -- ....!l .=..e.. 
D eff D elf 51 51 
Gz = ReDh Pr Db I L 
Xiao & Tao (~ f' for wavy fins (1990) j = 0.138 ReDh -0.292 Delf Pr-O·33 0.189 < 6/Deff < 0.379 a = 15.5° [wave angle] 
·N = 2 rows. 
400< ReoH < 4000 
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H.4.2 Effect of Nonuniform Air velocity 
The effect of nonuniform air velocity profile on the heat transfer prediction was also 
estimated for.the Gray and Webb plain-fin correlation. This analysis was conducted using a grid 
of air velocities measured using a turbine flow meter at a distance of one inch from the evaporator 
inlet. This velocity profile is shown in Figure B.5. Since the Gray and Webb correlation depends 
on air .R.eynolds number to the 0.67 power, the increased heat transfer coefficient in the bigh-
velocity zones was partially offset by the low heat transfer coefficient in the low-velocity zones. 
The heat transfer coefficient was calculated by averaging the heat transfer coefficients for each of 
the measured air velocities and then compared to the heat transfer coefficient obtained using the 
average air velocity. The difference between these two heat transfer coefficients was found to be 
less than 1 %. Therefore, non-uniform air velocity did not have a noticeable effect on the air-side 
heat transfer calculation (Rosario, 1995). 
H.4.3 Pressure DrQp 
The next table presents several air-side pressure drop correlations which accompanied the 
heat transfer correlations. They are not used in the model currently due to the large amount of 
uncertainty associated with each. For example, Gray and Webb (1986) state the accuracy of their 
friction factor correlation as ±15~. Much more accurate estimates of fan power could be obtained 
from our test facility measurements at low, medium, and high fan speeds. 
The effect of velocity nonuniformity on these pressure drop estimations was also 
investigated. The difference between the pressure drop estimation using the average air velocity 
and integrating over the measured local velocities was 4.4% for the evaporator coil. Therefore, 
velocity nonuniformity does not contribute a significant amount of error to the pressure drop 
calculation, and therefore the pumping power calculation. 
Table R5 Air-side pressure drop correlations 
Investigator Correlations Ranges 
Gray & Webb f=ff(~) + f t (1 - ~)(1 - ~) for plain fins (1986) 1<N<8 [lUbe rows] 
( J'" 0.392 < Deff < 0.675 [in] ff = 0.508 Re~l ~: 1.97 <: SrJDeff < 2.55 1.70 < S l/Deff < 2.58 0.08 < 3/Deff < 0.64 
f t = (St - Dcff) ftdNX /7tDcff 0.024 < rJDeff < 0.032 (02 ) 500 < Renar< 24700 L\p= f 2p -
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Table H.5 Air-side pressure drop correlations (cont.) 
Investigator (';orrelation Ranges 
Nakayama & ~'( rm( f" for louvered fms Xu fp = 0.729 Re~6 (~) .~: ;~ 1 < N < 6 [tube rows] (1983) 0.0059 < t < 0.0079 [in] 0.071< Pf < 0.098 [in] 
F f = 0.0105 Re~:'s (fin pitch) 0315 < Deff < 0.63 [in] 
f = fp (1 + F f ) 1.1 < St < 1.5 [in] 0.59 < SL < 1.3 [in] 
L\p = f(~;)(~~) 0315 < ~a < 0.709 [in] 250 < Re Dh< 3000 
Xiao & Tao f = 14. 64 Re~3SZ for wavy fms (1990) 0.189 < l)/Deff < 0.379 
L\p = (f oRe:") (111-1 2 ) a = 15.50 [wave angle] N=2rows p 2·DH 400< ReoH < 4000 
H.S Surface Efficiency 
The surface efficiency is important since the fin temperature is not at the refrigerant tube 
temperature. This efficiency accounts for how well the fm conducts the heat to or from the tube, 
given dimensions of the fin geometry. The surface efficiency is just an area-weighted fin 
efficiency and is defined by the following equation. 
_ AbIbe + 11fin • Afin 
118m - A +A bIbe fin 
H.5.1 
The surface efficiency is calculated in a separate function in the model, called SURFEFF. 
This function uses equations developed by Schmidt (1949) for a hexagonal fin segment 
surrounding a copper tube. The hexagonal shape represents the geometry seen in a staggered tube 
arrangement, present in most heat exchangers. 
These calculations use the geometry of the heat exchanger to convert the computed 
hexagonal shape into an equivalent circular fm.Then the fin efficiency is calculated from the 
following equation: 
_ tanh( m . r elf ) 11fin - ----'---=;.:.. 
m·r. 
H.5.2 
where refl is the effective circular fin radius for the hexagonal fin and m is defined by -
_[ 2·h ] m- --
k·F lit 
H.5.3 
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where h is the heat transfer coefficient, Ftb is the fm thickness, and k is the thennal conductivity of 
the fin. 
H.6 Wavy-Stratified Condensation Correlation 
The two-phase condensation correlations were obtained from experiments performed here 
at the ACRC (Dobson, 1994). Dobson decided to develop two separate correlations for the two 
main flow regimes he observed, wavy-stratified flow and annular flow. The annular flow 
correlation and the criteria for determining the flow regime are documented in Appendix C. Wavy 
stratified flow is rarely seen for the current condenser, but for fubJre modeling considerations, 
which include variable speed compressor operation, the set of equations required for the correlation 
were added to the modeL 
Dwing wavy-stratified flow, heat is transferred through two mechanisms: filmwise 
condensation and forced convective condensation. Dobson used an additive technique to account 
for the forced convective Nusselt number and thefllmwise Nusselt number. The overall Nusselt 
number correlation is shown in Equation H.6.1. 
Nu = 0.23 Re~2 [Ga. Pryo2S + (1- 8 /x)Nu 
1 + 1.11X~oSI J a 1 fcm:oed H.6.1 
where Revo is the vapor Reynolds number, Ga is the Galileo number, Ja is the Jakob number, and 
81 is the liquid level angle. The Galileo number is a dimensionless parameter which represents the 
ratio of gravitational to viscous forces. 
Ga = PI ·(PI-Pv)· g·D! 
~~ H.6.2 
The Jakob number represents the ratio of sensible to latent energy transfer from the wall to the 
refrigerant: 
Ja= cp.l(T.ma- Twall ) H.6.3 
hfl 
where T wall is the tube wall temperature. Since the wall temperabJre is not an output of the model, 
an average Jakob number of 0.035 was used, observed from Dobson's experiments. 
The Nusselt number for forced convective condensation was obtained from earlier 
experiments and uses the two-phase pressure drop multiplier, .1. 
Nufcm:oed = 0.0195Re~o' Pr~o4 .1(XU ) 
where .1 is defmed by the following curve fit 
.1(XU) = 1.376+ ;!2 
U 
H.6.4 
H.6.5 
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ForO<Frl SO.7 
c1 = 4.172+ 5.48Frl -1.564Fr~ 
c2 = 1.773-0.169FrI 
ForFrl >0.7 
c1 = 7.242 
c2 = 1.655 
The liquid level angle, 61, is geometrically dependent on the void fraction, shown in 
Equation H.6.6. 
61 sin(261) a=-- H.6.6 
1t 21t 
However, this equation cannot be solved explicitly for the liquid level angle. Therefore, an 
approximate form of this equation is used. 
1-~= arccos(2a-l) H.6.7 
1t 1t 
This correlation is valid for mass fluxes less than 365 klbm/(h_ft2) where the modified Froude 
number is less than 20, as defined in Equation C.1.2. 
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Appendix! 
ACRC System Model User's Reference 
This appendix provides details on the use of RACMOD. Hahn (1993) provides a more 
detailed description of many of the modeling equations in his Appendix A. 
1.1 Configuring the M~del 
Running the model requires that all input parameters be set to the proper values for the 
room air conditioner to be simulated. Appendix L defines all parameters and variables used in 
RACMOD, and Figure 1.1 depicts the basic structure of RACMOD, indicating state point locations 
and some important variables and parameters. 
4 
(; 
Capillary 
tube 
VdotaE 
Figure 1.1 Schematic of room air conditioner model 
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1.1.1 The XI{ Initialization File 
The XI{ initialization file for RACMOD is organized with the variables first, followed by 
the parameters. The most important variables are grouped at the beginning, and most other 
variables are grouped alphabetically. The key parameters are also listed first, and all parameters are 
grouped by component or parameter type . 
. Some of RACMODls "parameters" are not parameters in the true sense of the word. The 
ACRC solver considers everything that is not a Newton-Raphson variable to be a parameter. For 
example, the pressure drop values and the calculated evaporator moisture removal rate are 
calculated by the model as intermediate values, but are not needed as NR variables. Such 
parameters are denoted "pse1Jdo.constants" in Appendix L and are indicated in the XK file by the 
flag "C". Thus attempting to specify the two-phase condenser pressure drop (pd2phC), for 
example, through the XI{ file would be futile-a new pressure drop would be calculated 
immediately by the model when the following code is executed: 
460 vvtp = VTX (t2i, 1. ada) 
vltp = VTX(t20,0.OdO) 
x2i = 1.0 
pd2phC = PD2phACRC(w, PFrC, EqCircuitC, Dine, TubeIenC, NumRtbC, 
& VTubeDistC, f2phC, t2i, t2o, x2i, x2o, vvtp, vltp, 15) 
R (cand+8) = pd2phC - (P2i - p2o) 
Goto1 
The code coul~ however, be changed so that the statement "pd2phC= ...... " is commented 
out. Then, after recompilation, the pressure drop value specified in the XK file would be used. 
1.1.2 Reconfieurin& RACMOD for a New Air Conditioner 
The program comes with an XI{ initialization file representing a solution to RACMOD for a 
typical 18,000 Btu/hr air conditioner. When setting up an XI( initialization file for a different air 
conditioner, it is recommended that one begin with an existing XI( solution file and that the 
changeover to a new set of input parameters be made in stages, as described in Section 1.2, 
because making drastic changes to many model parameters at once may change the system so 
severely that the initial guesses for the variables are no longer adequate. 
The heat exchanger models require parameters like tube diameters, return bend lengths, 
tube spacings, fin thickness, fin spacings, etc. These are used in the heat transfer and energy 
balance estimations. Dimensions of the other components and refrigerant lines are necessary for 
volume estimations used for the charge inventory calculations. The parameters which are most 
likely to change for different room air conditioner designs have been highlighted in Appendix L. 
Changing the model configuration also requires replacing the current compressor map and 
recompiling. The compressor mass flow and power map subroutines-"wmap" and "pwrmap"-
can be found in the file EQNSUBS.f, as described in Appendix P. The map coefficients are input 
to the model using a separate input flle. The format of this input file is described along with a map 
curve fitting program in Appendix N. 
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1.1.3 Capillaa Tube Options 
Three capillary tube options are available in RACMOD. Either the ACRC finite-difference 
captube model or the ASHRAE standard curve-fit may be used, or one can choose to have no 
capillary tube model and instead specify the amount of evaporator superheat. A captube option is 
selected by appropriately setting the parameter "CapTubeSelect." Setting CapTubeSelect=l 
specifies the ACRC captube and CapTubeSelect=2 specifies the ASHRAE captube. 
If CapTubeSelect is a negative number, then the capillary tube mass flow equation is 
replaced with an equation that sets the evaporator superheat equal to the absolute value of 
CapTubeSelect, effectively switching the equations to design mode. Care must be taken that the 
variable "degsup" is still flagged with an "X" in the XK fJ.le, because it remains a NR variable even 
though it is effectively set by the user when switching to design mode. See Sections 1.5 and 1.6 
for details on the implementation of the capillary tube models. 
1.2 Initial Guesses for Model Variables 
The ACRC solver contains features that improve its ability to converge on difficult 
solutions, but it is not fail-safe. Selecting reasonable initial guesses for variables values is still 
necessary. Fortunately, RACMOD comes with several solution fJ.les in XK file format, and these _ 
fJ.les can be used as a basis for initial guesses. 
The best technique for ensuring adequate initial guesses is to make the required parameter 
changes in old solution files. If the parameter changes are large enough that the model still will not 
converge, the transition to the new parameter values can be made in stages, updating the initial 
guesses with intermediate solution files along the way. The MULTIPLE analysis of the ACRC 
solver is convenient for systematically changing parameter values while updating the initial guesses 
along the way. 
1.3 Equation Switching 
In a room air conditioner, the evaporator exit may be either superheated or tw~phase - a 
single set of governing equations will not properly model both of these conditions. RACMOD 
contains equations for both a two-phase and a superheated zone of the evaporator, but when it 
becomes apparent that evaporator exit is actually two-phase, the superheated equations are 
switched with new equations that, among other things, specify that the area of the superheated 
zone is zero. The initial and boundary. checking routines detennine the status of the evaporator 
exit, and set the flag "Evap2phX" (evaporator two-phase exit) accordingly. Logic statements 
within the equations determine which equations are executed. RACMOD can thus automatically 
handle solutions with both two-phase and superheated evaporator exits. 
Similarly, the condenser exit and the capillary tube entrance may be subcooled or two-
phase, and the flags "Cond2phX" and "Cap2phIn" are set by the initial and boundary checking 
routines to select the appropriate equations. 
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1.4 Governing Equations 
The governing equations for RACMOD are contained in the subroutine CaleR (calculate 
residual values) in the file EQNS.f and are listed in Appendix P. The equations also call 
subroutines in EQNSUBS.f. various functions in FUNCTION.f, and functions that interface with 
the NIST property routines in PROPFNCI'.f, all of which are listed in Appendix P. 
Implementation of sparse-matrix Jacobian calculation and equation switching necessitate 
that some program logic be included in CaleR along with the governing equations. Explanations 
are given in the comments at the beginning of CalcR. 
In addition to using logic for equation switching and the use of "NonZeroFlag" for proper 
building of the NonZeroList for sparse-matrix Jacobian calculation. RACMOD also uses the flags 
UCDone, UEDone, FWDone, and CIDone. These flags are used. by logic statements to ensure 
that certain computationally intensive subroutines are only executed once per call to CalcR. 
I.S Design Mode and Simulation Mode 
With the use of the Newton-Raphson algorithm, the model can be run in several different 
modes, including design mode and simulation mode. Simulation mode is the only way to run the 
model for off-design conditions, where superheat and subcooling are unknown. This mode uses 
the capillary-tube model and the charge inventory equations. Consequendy, there is more 
uncertainty in the results obtained from this mode of operation. 
Design mode requires inputs of evaporator superheat and condenser subcooling. As 
described in the next section, the superheat is specified through the variable CapTubeSelect. When 
this variable is negative, the capillary tube model is eliminated from the rest of system model. The 
subcooling is specified by changing the variable dtsubcool to a parameter (K), and changing the 
parameter Mtotal to a variable 00. This removes the charge inventory equations from the rest of 
the system model. 
The system model can also run in a modified design mode, which uses the capillary tube 
model but not the charge inventory equations. This mode requires the subcooling to be specified 
and the charge inventory equations to be separated from the rest of the simulation model, as 
described previously. The large uncertainty associated with the charge inventory equations is 
effectively eliminated in this mode. 
1.6 Implementation of Multiple. Capillary Tube Models 
The various options available for capillary tube modeling make the capillary tube equations 
one of the most complex parts of CalcR. The equations are discussed here so that they may be 
better understood, and as an example of some of the logic statements that are included throughout 
the governing equations. 
At the start of CaleR, CapTubeSelect is checked and the flags ACRCcaptube and 
DesignMode are set. 
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If (captubeSelect .le. 1.5) ACRCcaptube = .true. 
If (1.5 .It. captubeSelect) ASHRAEcapt.ube = .true. 
If (captubeSelect .le. 0.) DesignMxie = • true. 
The ACRC captube uses five residual equations, whereas the ASHRAE captube model and 
design mode only require two equations. Because the number of equations cannot be changed 
without modifications to various parts of the program and input files, three additional "dummy" 
equations that assign arbitrary values to xcritcap, DeltaP; and Pcritcap are used with the ASHRAE 
model and design mode, in addition to the two required equations. Definitions of all variables and 
parameters in the governing equations are given in Appendix L. 
When in design mode, the equations are: 
R(captube+O) = degsup - abs (captubeSelect) 
R(captube+1) = h7i - h4 
R(captube+2) = xcritcap - x7i*.9 
R(captube+3) = DeltaP - 8. 
R(captube+4) = Pcritcap - p7i 
For the ASHRAE capillary tube model, the equations are: 
R(captube+O) = wccq:Calc - w . 
R(captube+1) = h7i - h4 
R(captube+2) = xcritcap - x7i*.9 
R(captube+3) = DeltaP - 8. 
R(captube+4) = Pcritcap - p7i 
where wcapCalc is a Fortran intermediate variable calculated by the subroutine CapTubeASHRAE. 
The ACRC capillary tube model is discussed in Section 2.4, although this section does not 
mention the equation for h7i, because it does not involve the captube subroutine. The equations 
used for the ACRC captube are: 
R(captube+O) = wcapCa1c - w 
R (captube+ 1) = h7i - hcapout 
R (captube+2) = degsubcoolcalc-degsubcool 
R (captube+ 3) = LcapCalc - Leap . 
R(captube+4) = XinflashCalc - x4 
There is a block of code for each of the four capillary tube equations. Each block contains 
logic that directs which capillary tube model is to be executed. H DesignMode is true, the 
appropriate equation is executed and control returns to the "on GOTO" statement 
If ACRCcaptube is true, the code checks to see if NonZeroFlag is also true. If it is, a 
dummy residual containing all of the variables that could ever influence the residual when the 
captube entrance is subcooled or two-phase. The code checks to see whether CIDone is true 
before executing the CaptubeACRC subroutine. CIDone indicates whether the subroutine-which 
returns values for all four functions used in the ACRC captube residuals-has already been 
executed. Unnecessarily executing the lengthy subroutine would slow the solution process. 
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If ACRCcaptube is false. the appropriate equations for the ASHRAE captube are executed. 
There is" also a check fm NonZeroFlag to ensure that the Jacobian will be correct for cases with 
both subcooled and two-phase captube entrances. 
The portion of CaleR which contains the capillary tube equations is listed below. 
C ***** CAPILLARY TUBE EQUATIOOS ***** 
1260 If (DesignMode) Then 
R (captube+O) = degsup - abs (captubeSelect) 
Goto1 
EndIf 
If (AClCcaptube) Then 
If (NonZeroFlag) Then 
R(captube+O) = p4 + neap + Pcritcap + DeltaP + xcritcap 
& + degsubcool + Leap + x4 + wcapCalc + C1'1 + 
& CT2 + w + h7i + p20 
Goto1 
EndIf 
If (.not .C1'Done) call captubeACRC (cap2phIn, p2o, p4, 
& Dcap, Pcritcap, DeltaP, xcritcap, x4, degsubcoolCalc, 
& ~c, wcapCalc,XinflashCalc, hcapcjUt) 
wcapCalc = wcapCalc * Num::aps 
C'IDone = . true. 
Else 
If (NonZeroFlag) Then 
R(captube+O) = p4 + neap + I.cap + wcapCalc +C1'1+ 
& degsubcool + CT2 + w + p7i + x4 + NunCaps + t20 + t4 
Goto1 
EndIf 
Call capTubeASHRAE (I.cap, neap, Numcaps, cap2phIn, t2o, 
& t4, x4, p4, p7i, wcapCalc) 
EndIf 
R (captube+O) = wcapCalc - w 
C Capillary tube massflow correctiOn based on subcooling 
Goto1 
1280 R(captube+1) = h7i - h4 
If (AClCcaptube) Then 
If (NonZeroFlag) Then 
R(captube+1) = p4 + neap + Pcritcap + DeltaP + xcritcap 
& + degsubcool + Leap + x4 + wcapCalc + C1'1 + 
& CT2 + w + h7i + p20 
Goto1 
EndIf 
If (.not .C1'Done) Call captubeACRC (cap2phIn, p2o, p4, 
& Dcap, Pcritcap, DeltaP, xcritcap, x4, degsubcoolCalc, 
& ~lc, wcapCalc, XinflashCalc, hcapout) 
C'IDone = • true. 
R(captube+1) = h7i - hcapout 
EndIf 
Goto1 
1285 R(captube+2) = xcritcap - x7i*.9 
If (AClCcaptube) Then 
If (NonZeroFlag) Then 
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R(captube+2) = p4 + Dcap + Pcritcap + DeltaP + xcritcap 
& + degsubcool + Leap + x4 + WCap:;al c + en + 
& C1'2 + w + h7i + p20 
Goto 1 
EndIf 
If (.not.CIDone) call capt.ubeACRC (Cap2phIn, p20, p4, 
& Dcap, Pcritcap, DeltaP, xcritcap, x4, degsubcoolcalc, 
& Lcap:al.c, wcapCalc, XinflashCalc, hcapout) 
CIDone = . tnle. 
R (captube+2) = degsubcoolcalc-degsubcool 
EndIf 
Gato 1 
1290 _ R(captube+3) = DeltaP - B. 
If (ACECcaptube) Then 
If (NonZeroFlag) Then 
R(captube+3) = p4 + Dcap + Pcritcap + DeltaP + xcritcap 
& + degsubcool + Leap + x4 + wcapCalc + crl + 
& C1'2 + w + h7i + p20 
Goto 1 
EndIf 
If (.not .CIDone) call captubeACRC (Cap2phIn, p20, p4, 
& Dcap, Pcritcap, DeltaP, xcritcap, x4, degsubcoolcalc, 
& Lcap:al.c, wcapCalc, XinflashCalc, hcapout) 
ClDone = . true. 
R (captube+ 3) = LcapCalc - Leap 
EndIf 
Gatol 
1295 R(captube+4) = Pcritcap - p7i 
If (ACR:capt.ube) Then 
If (NonZeroFlag) Then 
R (captube+4) = p4 + Dcap + Pcritcap + DeltaP + xcritcap 
& + degsubcool + Leap + x4 + wcapCalc + crl + 
& C1'2 + w + h7i + p20 
Goto 1 
EndIf 
If (.not .CIDone) call capt.ubeACRC (Cap2phIn, p20, p4, 
& Dcap, Pcritcap, DeltaP, xcritcap, x4, degsubcoolcalc, 
& Lcap:al.c, wcapCalc, XinflashCalc, hcapout) 
CIDone = . true. 
R(captube+4) = XinflashCalc - x4 
EndIf 
Gato 1 
L 7 Additional Features of tbe Model 
One additional feature of the system model is the ability to use intermediate steps to help 
reach a solution. Ifparameters-are being changed by large percentages in a MULTIPI.Jirun or the 
model is having trouble reaching a solution, intermediate steps can be specified to ease the model to 
convergence. The solution of these intermediate steps are not printed in the output files; they only 
improve the model's robustness. This feature is implemented in the input file INS1R. The format 
of a typical INSTR rue is described in Section 1.3. 
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Due to the large number of parameters and variables in the input file, XI{, the ability to 
prevent certain variables to be printed to the output files has been provided in the system model. In 
the XI{ file, an Output Flag can be set to "1" or "0". If the Output Flag is "1", the variable or 
parameter is printed in the output files; while if the Output Flag is "0", the printing of variable or 
parameter is suppressed. The format of this option in a typical XI{ file is shown in Appendix P. 
References 
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Appendix J 
ACRC Equation Solver User's Reference 
J.t Introduction 
The ACRe equation solver is a Fortran program for solving systems of nonlinear algebraic 
equations and for performing sensitivity and uncertainty analysis on those systems of equations. 
The original impetus for developing the program was to solve the systems of equations that make 
up the ACRe room air conditioner model (RACMOD) and refrigerator models. The RAe model is 
used here as an example model. 
The solver is intended for research and design pwposes, with a file-based user interface 
that provides flexibility in specifying of the program's operation and output. The organizational 
framework for the ACRe solver is based on a TrueBasic sensiti~ty analysis program described by 
Porter and Bullard (1992). Running the solver is straightforward-no programming knowledge is 
required, although making modifications to a model requires a basic understanding of Fortran. 
Parameter-variable switching allows a model to be easily switched from a simulation mode to a 
variety of design modes without re-compiling. 
Understanding the governing equations is necessary to properly use any model, and the 
solver's use of the Newton-Raphson method allows all of the governing equations to be listed 
together in a single subroutine so that they are easier to understand and modify. Sparse matrix 
Gaussian elimination and automated step relaxation enhance the solver's speed and robustness. 
The solver is also compatible with sparse matrix Iacobian calculation, which can be implemented in 
a model as described in Section K.4. 
J.2 . Equation Solver Fundamentals 
1.2.1 Newt9n-Raphson Method 
A thorough explanation of the Newton-Raphson (NR) method of numerically solving a set 
of nonlinear algebraic equations is given by Stoecker (1989). The NR method requires that the 
equations to be solved be written in "residual" format. For example. Ri = RHS - LHS would be 
the residual format of the equation LHS = RHS, where RHS and LHS are the right and left hand 
sides of the governing equation, respectively. "Ri = RHS - UIS" is called the ith "residual 
equation," and Ri is called the i th "residual value." If there are n equations and variables in the 
system to be solved, then a solution has been found when all residual values, R 1 ... Rn, are equal 
to zero. In practice, the system is considered solved when the residual values are less than a 
specified tolerance. 
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The first step in the NR method is the ca1cuIation of the Jacobian (J), which is done 
numerically by the ACRe solver. The Jacobian is the (n x n) coefficient matrix for the set of linear 
equations that best approximates the nonlinear set at a particular x, where x is the vector of variable 
values. The Jacobian is defined by 
aRt aRt 
J= 
~. ~ 
. 
~ aRD 
ax. ~ 
where n is the total numbec of equations. Once the Jacobian is calculated, the linear system 
J . (x - Ax) = R is solved for 4x, where R is the vector of residual values. Then, for the linear 
approximation, J . (x - Ax) will yield residual values of zero. The correction to the variables. 
x = x - Ax • is made, and the residual values of the actual nonlinear equations are calculated. The 
process of linear approximation and solution is repeated until all of the residual values are less than 
a user-specified tolerance. 
The Newton-Raphson method requires initial guesses for each variable in order to calculate 
the first residual values and Jacobian. The NR method is not globally convergent, so poor guesses-
may not allow the program to converge on a solution. 
ACRe Equation 
Solver 
Newton-Raphson 
solution algorithm 
Model 
Model initialization 
Initial check) 
Equation list} - i 
Boundary checking : 
- -{ Final check) 1 
,,-______ -. I 
Property routines ~ 
and utility functions 
Figure J.l Solver-model relationship 
J.2.2 ACRe Solver Terminology 
In the ACRe solver. variables in the governing equations are referred to by the letter """. 
with X values being synonymous with variable values. Similarly. all user-specified parameters in 
the modeling equations are referred to by "K," and residual values are referred as "R" values. The 
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X's and K's are stored together in the array XK, and a variable or parameter's position in that 
array determines its XK#. 
It is important to understand what is meant by "model" and "solver." The solver is the 
Fortran program that keeps track of most input and output files and either solves a given system of 
governing equations or performs a sensitivity or uncertainty analysis on them. Strictly speaking, 
"model" refers to the governing equations that represent the system to be simulated. In the context 
of the ACRe solver, "model" also encompasses the Fortran subroutines that handle simulation-
specific initialization tasks, check the XK values, and calculate the residual values for the 
governing equations. The solver-model relationship is depicted in Figure 1.1, although the options 
of multiple runs and sensitivity and uncertainty analysis in the solver are not shown. 
J.3 Input File Descriptions 
Three files are used as input by the solver and model: a solver settings file, an instructions 
file, and an initialization file. These three files are described below, and an example analysis is 
given in Section 1.4. 
1.3,1 Initialization File 
The XK initialization file, an abbreviated sample of which is given in Table 1.1. contains 
input values for all of the model's parameters and initial guesses for all of its variables. 
Table 1.1 Sample XK initialization file 
** XK initialization file: initializes variable guesses and parameter values. 
** Parcmeters are flagged with 'K' and variableS are flagged with 'X, 
** The units are delimited with' [ ] I. 
** The last ntmber signifies the nunber of decimal places (0-10). 
** The ORDER of the input lines CANNOT OWG without progLam modification. 
Flag Ncme XKf Value units f of digits 
*********** DO NOT DELETE THESE FIRST SEVEN LINES! *************** 
X COP = XK( 1) = 1.74 [ ] 2 
X EER . = XK ( 2) = 5.95 [Btu/hr-W] 2 
X degsul:x:ool = XK ( 3) = 0 • 0 [F] 1 
K Toutcioor 
K Tindoor 
K RhaiC 
= XK(162) = 
= XK(163) = 
= XK(164) = 
111.9 [F] 
60.0 [F] 
0.420 [ ] 
1 
1 
3 
The X and K flags indicate whether each line is specifying a variable or a parameter. The 
names cmrespond to the Fortran variable names for the model's variables and parameters. and the 
numbers in parentheses are the "XK #'s." The values are initial guesses for variables Ol"-specified 
values for parameters. Units must be delimited by square brackets, and the number of digits to be 
output in solution files is specified by the number in the rightmost column. The order of the names 
in the XK file cannot be changed without modifying parts of the program code, as is described in 
Section K.3.4. 
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1.3.2 Instructions File 
The four analyses that may be perfonned with the ACRC solver are denoted "SINGLE," 
"MULTIPLE," "SENSITIVITY," and ''UNCERTAINTY.'' The "SINGLE" analysis simply loads 
parameter values and initial guesses from the XK. file, solves the equations with the NR method, 
and outputs the solution. The "MULTIPLE" analysis allows solutions of the equations to be 
performed for multiple sets of parameter values, so that a large number of parametric runs can be 
performed conveniently. The "SENSITIVITY" analysis finds the influence coefficients of the 
ax-
variables with respect to specified parameters,ie. ak~' The ''UNCERTAINTY'' analysis 
I 
performs either an ASME root-som-square (RSS) or additive (ADD) uncertainty analysis or a 
Monte Carlo (MC) uncertainty analysis on the equations. 
The instructions file ("INSTR" in the case of the sample solver settings file in Table 1.6) 
directs the execution of the program for each of the four analyses. Tables 1.2-1.5 provide line-by-
line explanations of sample instructions files for the single, multiple, sensitivity, and uncertainty 
analyses. 
The instructions file specifies the type of analysis to be performed (the name is case-
sensitive), the name of the XK. initialization file, an extender to be appended to all output 
filenames, and any other information that may be necessary for execution of the analysis. The 
separator ' •• *, may be used to separate multiple sets of instructions, which will be performed in 
sequential order. In the instructions file, both variables and parameters are referred to by their 
XK#'s rather than by name. 
Table 1.2 contains instructions for two single runs, the first using the file "XK" as an 
initialization file and appending "out" to the output file names, while the second reads parameter 
values and initial guesses from the file "XK2" and appends "oua" to all output filenames. 
Table 1.2 Sample instructions flle for "SINGLE" analysis 
Example Descriptaon 
.SnGE T~ of analysis lso1ve for a single set of parameters) 
»< Name of initialization file 
MAP<X>EFF Name of file containinK compressor map coefficients 
0tIt Extender to append to output file names 
*** 
Separator (allows multiple sets of instructions in one file) 
SnGE See above 
MAP<XEFF " 
XK2 " 
out2 " ~ 
For a multiple analysis, the base parameter values and initial guesses are loaded from the 
initialization file. The instructions file for a multiple analysis contains a list of parameters which 
are to have their values modified between solutions, as well as a list of values for those parameters. 
102 
The user also specifies the number of intermediate ~ps to take between solutions. If the 
number of intermediate steps is one or more, then the "MULTIPLE" analysis will direct the NR 
solver to perform solutions for that number of intermediate solutions-linearly interpolating 
between the previous specified parameters and the next specified parameters. This enables a 
smooth transition from one set of parameters to another when a model is very sensitive to initial 
guesses~ The number of intermediate steps should remain set to zero if no problem occurs in 
solving a multiple run, because the "extra" solutions for the intermediate steps increase the 
execution time. 
As specified in the solver settings file, the solutions can be saved individually as 
initialization files and combined in a tab-delimited fIle to be read by a spreadsheet. Intermediate 
solutions are not saved. 
Table 1.3 Sample instructions file for "MULTIPLE" analysis 
Example Description 
MJLTIPIE Type of analySIS (solve for multiple sets of parameters) 
»< Name of initialization file 
MAPCXEFF Name of file containing compressor map coefficients 
mlt Extender to append to output file names 
3,2,1 # of runs, # of parameters to vary, # of intermediate steps 
250,274 XKWs of the parameters to be varied 
80.0,95.0 List of . ed parame~ values for run #1 
90.0,95.0 List of . ed parameter values for run #2 
90.0,105.0 List of cnP.r.ified parameter values for run #3 
For a sensitivity analysis, a solution is first performed for the parameter values given in the 
initialization file, and then influence coefficients are calculated for the parameters listed in the 
. ax· 
instructions file. In addition to the standard influence .coefficients, ~,a relative influence 
ak· 
. 1 
coefficient, dxj / aki , is also calculated, which indicates the percent change in Xj (expressed in 
x· k· 
. JI
decimal format) given a percent change in ki. The influence coefficients are saved to the file 
"SA.extender" in a tab-delimited formal 
Table 1.4 Sample instructions file for "SENSITIVITY" analysis 
Example Description 
SENSITIVITY Type of analysis (fmd influence coefficients) 
-
»< Name of initialization file 
MAPCXEFF Name of file containing compressor map coefficients 
sns Extender to append to output file names 
5 Number of parameters for which to calculate influence coefficients 
161,162,166,206,247 XK#'s of parameters for which to calculate influence coefficients 
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Both of the ASME uncertainty analysis methods (ADD and RSS) as well as a Monte Carlo 
uncertaInty analysis (MC) have been implemented in the ACRe equation solver. Table 1.1 
contains an example instructions file for an uncertainty analysis. The II of Me runs and R/N 
(rectangular/normal disttibution) specifiers may be omitted for ADD andRSS runs. As indicated 
by the descriptions in Table 1.1, the user selects the number of parameters for which uncertainties 
will be given and the number of variables for which distributions will be reported. XK##'s are used 
to indicate specifically which parameters and variables are to be used. Bias and precision values 
are specified for each parameter on either a percentage or an absolute basis. Either a rectangular or 
normal parameter disttibution can be selected. 
Table I.S Sample instructions file for "UNCERTAINTY" analysis 
Example Description 
UN:ERTAINTY Type of analysis (perform uncertamty analyStS) 
}(f{ Name of initialization file 
~ Name of file containinJt ssor map coefficients 
IICOUt Extender to append to output file names 
M:: S~i....Y type of uncertainty analysis: ADD, RSS, Me, or MCF 
25,14,1000 ## of parameters, ## of variables, ## of Me runs 
23 20 0 % N Parameter List 
25 3) 0 % N XK##, bias, precision, A/% (absolute or % basis), 
34 0.05 0 A N RJN (rectangu}ar/normal distribution) 
37 1.0 0 % N " 
43 1.0 0 A N " (Note that tabs may be used instead of commas) 
45 0.3 0 A N " 
48 0.5 0 % N " 
94 1. 0 A N " 
95 1. 0 % N " 
98 0.025 0 A N " 
71 Variable list: XK##'s 
72 " 
Tl " 
82 " 
89 " 
1.3.3 SolVer Settin&s File 
The file "SL VERSET" contains settings for various solver parameters, convergence 
criteria and tolerances, and output options. The sample SL VERSET fIle in Table 1.6 is followed 
by descriptive notes. Some of the output settings (printing initial, intermediate, and final XI{ and 
R values) are primarily useful for debugging a model, and normally the solver settings do not need 
to be changed. However, the iteration snmmaries and final summaries may be tmned off during a 
Monte Carlo uncertainty analysis to eliminate excessive output. 
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Table 1.6 Sample solver settings "SL VERSETtt file 
Sample File Note 
************************************************ 
******** NEW'l'QJ-RAP~ SETTlNiS ******** 
Instruction file name · INStR 1 
· Step factor for part.ial derivatives 
· 
.0001 2 
· Maximum allowable NR iterations · 20 3 
· COnvergence criteria 1 (MaxilIUll residual) : 1.0e-4 4 
COnvergence criteria 2 (RMS residual) : 1.0e-5 5 
Selected convergence criteria (lor 2) 
· 
2 6 
· NR step relaxation parameter · 1.0 7 
· 
·Use sparse matrix techniques? · .TRUE. 8 
· Update guesses between runs? : • TRUE. 9 
******** GENERAL OUTPUT SETTlNiS ******** 
Send general output to screen? 
· 
.Em.sE. 10 
· Send general output to a file? · .Em.sE. 11 
· Print abbreviated solver settings? · .Em.sE. 12 
· Print initial XK values? : ... Em.sE. 13 
Print initial residual values? : .Em.sE. 14 
Print iteration sumnaries? : .TRUE. 15 
Print intez:mediate XK values? 
· 
.Em.sE. 16 
· Print i.ntennediate residual values? · .Em.sE. 17 
· Print final XK values? · .FALSE. 18 
· Print final residual values? 
· 
.Em.sE. 19 
· Print a final sumnary 
· .Em.sE. 20 
· 
******** SOLUTION OUTPUT SETTlNiS ******** 
save XK values in input file fonnat? : .TRUE. 21 
save XK values in spreadsheet foz:mat? : .TRtlE. 22 
0UtQ.It diqits 0-10 (-1 = as in XK file) : -1 23 
Notes: 
1. Specifies the name of the tile from which instructions for particular analyses are to be read. 
2. When numerical partial ~vatives are taken (~~i = .t1Rj ) this factor is used to determine 
aXj Axj 
~j' i.e. 4xj = xj • (step factor). 
3. Maximum number of iterations allowed before the NR routine prematurely terminates. 
4. Maximum residual convergence criteria. 
5. Root-mean-square (RMS) convergence criteria. 
6. Selects which of the above two convergence criteria are to be used. 
7. A parameter that is multiplied by the correction to the x values for each NR step, i.e. 
x = x - (relaxation parameter)·Ilx. 
8. Use sparse matrix Gaussian elimination techniques if "true. " 
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9. If "true," during a multiple run the solution for the first set of parameters will be used as initial 
guesses for the second solution, and that solution will be used for the third, etc. If "false," 
guesses are read from the initialization file before each solution. 
10. Specifies that output is sent to the screen during program execution. 
11. Specifies that output is sent to a file named "O.extender" during program execution. 
12. Specifies that part of the solver setting information be printed in the general output. 
13. Print XK values in a condensed format before the solution begins. In the condensed format, 
the integer followed by a colon on each row is the XK or residual number corresponding to 
the :first value on that row. For the example shown in Table 1.7, XK #5 has the value 
0.59003 and XK #8 has the value 576.27. 
Table 1.7 Sample condensed XK value output 
XI< Values : 
1 5.5023 
5 0.59003 
9 526.99 
13 112.85 
6.3092 
955.20 
49.283 
54.291 
0.72624 
744.13 
112.85 
76.664 
0.83445 
576.27 
98~217 
62.327 
14. Print residual values in a condensed format before the solution begins. 
15. Print a summary of iteration #, step relaxation parameter, and maximum and RMS residual. 
16. Print XK values in a condensed format after each iteration. 
17. Print residual values in a condensed format after each iteration. 
18. Print XK values in a condensed format after solution. 
19. Print residual values in a condensed format after solution. 
20. Print summary of number of iterations, maximum residual, and RMS residual after solution. 
21. Save the solution to a file "XK..extender" in the format of an XK initiaHzation file. 
22. Save the solution to a file "S.extender" in a tab-delimited format for use by a spreadsheet. 
23. If this number is an integer from 0 to 10, then the specified number of output digits in the XK 
file will be overridden, and the number given here will be used instead. 
J.4 Running the Solver 
1.4.1 Single Run 
To solve a model (RACMOD being used here as an example) for a given set of input 
parameters, the three input files must be located within the same directory as the compiled solver 
program. The file "SL VERSET" must contain the name of the instructions file to be used, and the 
instructions file should be set up as in the first part of Table 1.2. The XK file should contain the 
parameter values for the case for which a solution is desired. 
When the executable name of the compiled solver ("rae" in this example) is entered, the 
following should appear: 
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$ rae 
Single Run using extender: out 
Rebuild the NonZeroList? 
"y" if residual equations have been m::x:iified or if paraneters and! or 
variables have been ~ (yin). 
Because the NonZeroList keeps track of which Jacobian dements will always be zero (see 
Section K.4), it must be rebuilt when the equations are modified. Swapping variables and 
parameters indiJectly changes the equations, so this also necessitates rebuilding the ~onZeroList, 
as does ~tching between the two available capillary tube models. When the program is run for 
the first time with a new or modified model, "y" should be entered. Building the NonZero List 
involves taking all n2 partial derivatives for the Jacobian, where n is the number of equations, so 
the building process may take a few minutes for a large equation set. The NonZeroList is saved to 
the file "NONZEROL.IST" so that it can be read from a file in the future to save time. 
After selecting "y," the following will appear: 
Creating NonZeroList. 
Using regular evaporator equations. 
Using regular condenser equations. 
Using regular cap-tube equations. 
The statements indicating that "regular" equations are being used are printed by 
RACMOD's initial checking subroutine, which determines, for example, whether the uutial 
parameter values and variable guesses indicate that the evaporator exit is "regular" or two-phase. 
Once the NonZeroList has been built, the output will continue and is shown here for a case where 
the output flags are set as in Table J.S. The second and third iterations are deleted for brevity. 
NonzeroList saved to file "NCNZEROL. ISI''' . 
Using regular evaporator equations. 
Using regular condenser equations. 
Using regular cap-tube equations. 
******** NEWTQN-RAPHSON SETTINGS ******** 
Instruction file nama 
Step factor for partial derivatives 
Maximum allowable NR iterations : 
Convergence criteria 1 (Maximum residual) : 
Convergence criteria 2 (RMS residual) 
Selected convergence criteria (lor 2) 
NR step relaxation paraneter 
Use sparse matrix techniques? 
Update guesses betWeen :runs? 
Maxi.mum residual: 1828.8 
RMS residual: 146.35 
Beginning iteration # 1 
in Eqn #111 
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INSl'R 
O.100E-03 
60 
0.100E-03 
0.100E-04 
1 
1.00 
T 
T 
Took a Newton-Raphson step with Beta = 1.0000 
Maxilm.nn residual: 66.998 in Eqn .101 
RMS residual: 6.2030 
Beginning iteration' 4 
Took a Newton-Raphson step with Beta = 1.0000 
Maxilm.nn residual: 0.20118E-08 in Eqn f111 
RMS residual: 0.23042E-Q9 
Finished. in 4 iterations. 
Maxilm.nn residual: 0.20118E-08 
RMS residual: 0.23042E-09 
Writing solution as an initialization file: XK.out 
Writing spreadsheet-readable solution file: S~out 
Program Execution Cooplete. 
"Beta" is the current value of the NR step relaxation parameter. The ''EQN #ff indicates the 
number of the residual equation that has the maximum residual value, which can be useful in 
debugging a new model. 
1.4.2 Parameter-variable swap,pin& 
In a normal simulation mode, the total refrigerant charge in the system is specified as a 
parameter (Mtotal) and the degrees of subcooling is a variable. IT one wanted to instead specify a 
particular amount of subcooling and solve for the amount of charge that would be required, only 
two flags need to be changed in the XK initialization file. The lines 
X degsubcool = XK( 3) = 
K Mtotal = XK(170) = 
would have to be changed to 
K degsubcool = XK ( 3) = 
X Mtotal = XK (170) = 
12.1 [F] 
1.4335 [Ibn] 
12.1 [F] 
1. 4335 [Ibn] 
1 
4 
1 
4 
Then the solver can be run as described above. Caution must be exercised when swapping 
variables and parameters to ensure that the equations are not made singular or non-independent 
because of the swapping. When the configuration of the equations is changed through swapping, 
the model may also become more sensitive to initial guesses. 
It is recommended that a solution of the original equation set be found before swapping, 
and that solution be used as a basis for the new XK file with swapped parameters and variables. 
This ensures that the initial guesses will be very good for the first solution attempted with the new 
configuration. 
IT the equations are very sensitive to a particular parameter, making a large change in the 
value of that parameter may cause difficulty in solving. In this case, it is best to achieve the desired 
parameter change with a series of intermediate steps, with each intermediate solution being used as 
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the initial guesses for the next step. The multiple analysis option is convenient for this technique, 
although solution output files can also be renamed and used as input files for the single analysis. 
1.4.3 Automated steP relaxation 
If a NR step is taken that does not decrease either the maximum residual value or the root-
mean-square residual value, the solver will untake that step, halve the step size, and take the 
smallerstep. The process will be repeated if successive steps do not improve the residual values, 
although if the residuals do not improve after reducing the step size to 2-10, the solution will be 
terminated with an error. 
In the course of a solution, the model's equations may attempts to divide by zero or raise 
non-integer numbers to negative powers, and other numerical problems may occur. If the ACRe 
solver is run on a machine that does not halt program execution immediately upon the occurrence 
of such errors, the subroutine Vectorlnfo will check to see if any residuals have the value NaN 
("Not a Number".) If they do, it will give that residual a value of 9999• Thus when the maximum 
and RMS residual values are checked, they will have increased and the automated step relaxation 
discussed above will untake the bad step. 
Automated step relaxation greatly increases the robustness of the solution process, and 
consequently reduces the required accuracy in initial guesses. 
J.4.4 Troubleshootine 
Care must be taken for all input files to ens1.lrC that floating point numbers contain a decimal 
point and that numbers which should be integers do not contain a decimal point. Otherwise, the 
input information may be misinterpreted. 
There should also always be at least one empty line at the end of any of the input files, or 
the last line of input may not be read. This may cause the solver to falsely report that not enough 
variables or parameters were found . 
. A good way to ensure that the parameter and variable values are being read properly is to 
select in SL VERSET the option to print initial XI{ values. These values can be checked against the 
XK file to ensure their accuracy. 
If there is difficulty solving for a particular set of parameters, a solution can often be found 
by starting with a previous solution and gradually changing the parameter values to the desired 
ones, as described in Section 1.4.2. 
Choosing a smaller NR relaxation parameter will sometimes improve the solution 
robustness, although it will also increase the required number of NR iterations for a solution. 
If there is a SingularityID the Jacobian, the program will return a message that either one 
equations contains no variables or one variable does not appear in any equation. These problems 
may be due to improperly switching variables and parameters or from a problem with the equations 
themselves. 
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Specifying that the NonZeroList be rebuilt will solve convergence problems if the 
NonZero List has become out-of-date by X-K swapping or otherwise altering the equations. 
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AppendixK 
ACRC Solver Programming Reference 
K.l Overview of ACRe Solver Features 
The ACRC Solver is intended for general use with any system of nonlinear governing 
equations, although it contains features that make it particularly useful for thermal systems 
problems. The solver is a multifunction program for solving equations, as well as performing 
other analyses, and outputting the results. The solver is distinguished from the model according to 
the defmition given in Section J.2.2. 
The solver uses a Newton-Raphson algorithm that peIforms automatic step relaxation and 
allows the governing equations to be "switched" in mid-solution. It optionally outputs infonnation 
about variable, parameter, and residual values and solution progress that is useful for model 
development and debugging. Model-specific "checking" subroutines are accessed before, dming, 
and after the solution process so that checking and pre- and/or post-processing of NR variables and 
parameters can occur, or other model-specific tasks can be performed. 
The solver's NR variable handling structure allows variables and parameters to be referred 
.to by name in the governing equations rather than by number and allows variables and parameters 
to be "swapped" in the model without recompilation of the Fortran code. The solver numerically 
calculates the Jacobian and provides infonnation to the model that allows the implementation of a 
sparse-matrix Jacobian calculation method within the model, though its implementation is not 
required. 
The solver can peIform multiple parametric solutions of the governing equations as well as 
sensitivity and uncertainty analyses, and output for solutions and analyses is produced in 
spreadsheet-readable and XI{ initiaJjzation file formats. 
K.2 The Solver-Model Interface 
In order to use the solver's features, guidelines for solver-model interface must be 
followed, as described below. The sample model in Appendix D demonstrates· the essentials of the 
solver-model interface, as well as the implementation of sparse-matrix Jacobian calculation and 
equation "switching" in a modeL Following the ACRC room air conditioner model listing in 
Appendix 0 is the best way to ensure that a new model interfaces properly with the solver. 
K.2.1 Use of "Included" FileS 
The main method of communication between the solver and model is Fortran common 
blocks which allow variables to be shared between various subroutines. These common blocks, 
along with many frequently-used variable declarations, are usually located in "include" files, 
denoted by the extender "INC." These files are included in subroutines via the Fortran "include" 
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statement. Table K.l shows which "include" files are used by particular subroutines of the model 
and solver, and Table K.2 describes the contents of the various "include" files. 
Table K.l "Include" files in the solver and model 
m e un, up e un, nSluVlty un, . 
CreateNonZeroUst, Uncertainty Analysis, SensCoeffCalc, GetX, PutX, 
ReadNonZeroList NRMethod, CalcD, CheckForSingular, 
InitializeModel, CaleR, Nzero, XGauss, Gauss, 
Ou1putInitFile, Ou1putSprdShtF"deHeader, 
Ou tS tF"llcUnc 
EQUIVLNT.INC CaleR, Initialize, SensitivityRun, MultipleRun, UnccrtaintyAnalysis, 
IC, Be, FC SensCoeffCalc, GctX, PutX, XKPrnt, 
Ou1putInitF"11c, OutputSprdShtFileHeader, 
Ou utS htFileLinc 
ERRCOM.INC CalcR, Ie, BC, FC MAIN ACRCsolver, Getlnsttuctions, GetScparator, 
GetSolverScttings, SinglcRun, MultipleRun, 
SensitivityRun, UncertaintyAnalysis, NRMethod, 
InitializeModel, XGauss, Gauss, StoIeError, 
PrintEtrorlist, Ou urS htF"deLine 
GAUSSCOM.INC SensCoeffCalc, NRMethod, Nzero, XGauss 
GENCOM.INC IC, BC, FC MAIN ACRCsolver, Getlnstructions, GetSeparator, 
GetSolverScttings, SingleRun, MultipleRun, 
SensitivityRun, UncertaintyAnalysis, ScnsCoeffCa1c, 
NRMethod, CalcD, XKPmt, VcctPmt, 
PrintSolverSettin 
NISTCOM.INC Initial, psatt, tsatp, 
hpt, htx, hpx, vpx, 
vtx, vpt, saturation, 
xph, cvpt, cvpsat, 
st,sx 
NRCOMMON.INC CreateNonZeroList 
XANDKCOM.INC InitializcModcl, 
CreateNonZeroUst 
XKCOM.INC InitializeModel 
MultipleRun, SensitivityRun, UncertaintyAnalysis, 
ScnsCoeffCalc, NRMcthod, CalcD, 
CheckForSin , Nzero, XGauss, Gauss 
SingleRun. MultiplcRun. ScnsitivityRun, . 
UncertaintyAnalysis, ScnsCoeffCalc, GetX, PutX, 
NRMethod, CalcD, CheckForSingular, Nzero, 
XGauss, Gauss 
MultipleRun, SensitivityRun, UnccrtaintyAnalysis, 
SensCoeffCalc, GetX, PutX, OutputInitFilc, 
Ou utS htFilcHeader, Ou utS htFileLinc 
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Table K.2 Description of "include" files . 
Include File Name Descripnon 
DIMENSN.INC Defines the Fortran parameters Xmax, Kmax, and YI( mn, which spec}fy 
the maximum allowable number of variable, parameters. and the sum of 
Xmax and Kmax, re .. y--':yely, for use in array declaration statements. 
EQUIVLNT.INC Declaration and common block for the XK array, and ~equivalence" 
statements that cause the elements of the XK array to be interchangeable 
with ding variable and parameter names 
ERRCOM.INC Declarations and common blocks ~&. • •• - to error handling. 
GAUSSCOM.INC Declarations and common blocks used by the Gaussian elimination routine 
GENCOM.INC Declarations and common blocks for all variables set by the SL VERSET file 
NISTCOM.INC Declarations and common blocks for JI&VJAioL 1..1" functions 
NRCOMMON.INC Declarations and common blocks for the residual array, the Jacobian, the 
delta X steparra.l', etc. for the Newton-~hson routine 
XANDKCOM.INC Declarations and common blocks for X, Xnm, NumVar, and NumPar 
XKCOM.INC Declarations and common blocks for the XK name and flag arrays and 
Xmap 
K.2.2 The XK and X Arrays 
Two important features of the solver are that variable and parameter names may be. used 
directly in the governing equations (unlike most "canned" Newton-Raphson solvers) and variables 
and parameters can be "swapped" without recompiling. In order to facilitate these features. a 
system of handling NR variables and parameters was created as described below. 
The primary storage location for variables and parameters is the XK array, the. elements of 
which are made "equivalent" to Forttan variables that bear the names of the variables and 
parameters as they occur in the governing equations. For example, in the room air conditioner 
model. XK(l) and COP are "equivalent" and thus may be used interchangeably. As discussed in 
Section J.2.2. parameters and variables are usually referred to by their XK# in the solver, while 
the governing equations and IC, Be, and FC routines refer to them by name. The XK array and 
the "equivalent" Fortran variaJ>le names are declared and put in a common block in 
EQUlVLNT.INC so that they can be easily included in different subroutines. 
The Newton-Raphson and Jacobian calculation subroutines require that the variables be in a 
single array. X. The array Xmap keeps track of which elements of the XK array are variables. 
For example. Xmap(1) = (XK# of the first variable) and Xmap(23) = (XK# of the 23m variable). 
The subroutine GetX is used by NRMethod and CalcD to transfer values from XK to X, and PotX 
transfers values back from X to XK. 
K.3 Modifying a Model 
The checklist in Section K.3.1 covers the main issues involved with modifying a model, 
and the subsequent sections provide details for specific modifications. 
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K,3.1 Model Modification CbeckIist 
1. There must be an equal number of residual equationS and NR variables and they must be 
defmed so that the equations are neither singular nor non-independent 
2. The Fortran parameters Xmax, Kmax, and XKmax in DIMENSN.INC must be large enough 
to accommodate all variables and parameters, and XK. must be dimensioned in 
EQUIVLNT.INC to have the same size as XKmax. 
3. The XK. initialization file and EQUIVLNT.INC must be consistent in variable and parameter 
ordering and all model parameters and variables must be declared as double precision Fortran 
variables in EQUIVLNT.INC. All XK"s should be consecutive. 
4. The number' of parameters and variables (NumPar and NumVar) specified in InitializeModel 
must be correct. 
S. If sparse-matrix Jacobian calculation is being used, all line Jabels in the "computed 0010" 
statement in CalcR must be consistent with the Jabels of the appropriate IeSidual equations. 
6. For sparse-matrix Jacobian calculation, any equation that may sometimes not reflect its 
dependence on all of the variables that it may ever contain should be augmented with a auxiliary 
residual equation that is executed only when NonZeroFlag is 1rue. The replacement equation 
should contain every variable or parameter that may ever occur as a variable in that equation. 
(See Section K.4) 
7. The IC, Be, and FC subroutines should be appropriately programmed for the specific needs of 
the model, and if they are not needed, they should be left as empty subroutines. 
8. All functions and auxiliaIy Fortran variables used by the governing equations should be 
properly declared in CalcR. 
K,3.2 Cbau&iP& Eqpatiops 
Making a modification to existing equations only involves making the changes in the 
governing equations in CalcR and recompiling the program, unless parameters are removed or 
added, as described in Section K.3.2 . 
. K.3.2 Addip& or Deletin& Parameters or Variables 
If changes to the governing equations involve the removal of old parameters or variables or 
the creation of new ones, the appropriate changes in the XK. initialization file, EQUIVLNT.INC, 
and InitializeModel must be made in accomance with checklist items 2, 3, and 4. 
K,3.3 Addjn& or Deletin& EQuations 
Changing the number of equations entails changing the number of variables as described in 
Section K.3.2. The appropriate line labels should be inserted in or removed from the "computed 
GOTO" statement in CalcR, and the residual equations should be numbered consecutively and 
consistently with the "computed GOTO" statement The room air conditioner model uses pointers 
that indicate the residual equation number at which a particular component model begins. This 
allows equations to be added to or removed from a component model without renumbering the 
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residuals in all subsequent components-only the pointers to ~ubsequ=t components need to be 
changed. Checklist item 6 also applies when an equation is added. 
K.3.4 Reamm&iO& the xx: Ioitializatioo File 
The variables and parameters in the XK initialization file can be listed in any order as long 
as the conditions of checklist item 3 ate meL 
K.3.S . Modifyin& Ie Fe. and BC 
If new code is to be included in any of the checking subroutines, the appropdate common 
, . 
blocks must ~ included in the subroutines. In most cases, only the file "EQUNLNT.INC" 
should be needed. 
K.4 Implementation or Sparse-matrix Jacobian Calculation 
This section provides an overview of sparse-matrix Jacobian calculation and summarizes 
the motivation for its usc. Individual aspects are discussed further throughout this thesis. 
The sparse-matrix Jacobian calculation is necessary to ~ the number of partial 
derivatives that must be calculated when generating the Jacobian, which wou1d otherwise require 
I 
n2 partial derivative evaluations, where n is the number of equations. 
The logic that must be included with the governing equations to implement sparse-mattix 
Jacobian calculation makes them less tcadab~, but it mIuces execution time for the RACMOD and 
other large models by a factor of 6 to 9 times and is thus well worth the clutter in the equations. 
The concept behind sparse-matrix Jacobian calculation is simple. Io the initialization stage 
of running a model, the full Jacobian matrix of n2 partial derivatives is calculated. which takes a 
few minutes for large models. The Jacobian is then scanned to determine which elements ate 
nonzero, and this information is stored in the two-dimensional may NonZeroLisL Later, only 
Jacobian elements that may potentially be nonzero are actually calculated, and the rest ate assumed 
to be zero. 
Table K.3 gives an example Jacobian for a set of four equations, and Table K.4 depicts the 
carespo~g NonZero List. Recall that the Jacobian is the matrix of the partial derivatives of 
residual equation values with respect to the NR variables. 
aR1 aR1 
J= 
~1 ~ 
: . . 
aRp aRp 
ax. aXD 
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Table K.3 Sample Jacobian matrix 
Xl X2 X3 X4 
.54 0 0 0 
0 -.02 0 0 
2.6 0 -4.55 0 
-.22 .61 0 3.8 
Table K.4 Sample NonZeroList 
#0 #1 #3 
1 1 2 3 4 
2 3 4 0 0 
3 4 0 0 o. 
4 0 0 0 0 
The sample NonZero List indicates that variable #1 occurs in residual equations #1, 3, and 
4; Variable #2 occurs in the second and fourth residual equations, etc. Column #0 ofNonZeroList 
is used when it is necessary to evaluate all residual values at once·. . 
When the Jacobian matrix is being calculated in the course of the NR solution, CaleR must . 
be called once for every variable with respect to which a partial derivative is being calculated. The 
residual values R thus attained are used to numerically calculate the derivatives :. Only those 
residual values which are affected by a given variable need to be calculated in a given call to CaleR. 
CalcR contains logic that evaluates only those equations which are affected by a particular variable. 
The model uses a "computed GOfO" statement to execute equations individually, utilizing the 
NonZeroList to determine which equations must be evaluated when calculatinJ the partial 
derivatives with respect to a particular variable. 
As explained in Appendix J, each time the solver is run, the user is asked whether the 
NonZero List should be rebuilL The NonZeroList is saved to the file "NONZEROL.ISt" each time 
it is generated, so that if the equations have not changed in any way, the NonZeroList can simply 
be loaded from a file, saving a significant amount of time. The NonZeroUst must be rebuilt when 
the equations are changed directly or when they are changed indirectly by variable-parameter 
swapping or selecting a different capilhuy tube model with the CapTubeSelect parameter. 
Certain governing equations ~y not always reflect their dependence on every variable that 
they may ever contain. For example, in the equation Rn = y - max(a,b), a:an will be nonzero 
when a>b, and a:; will be nonzero when b>a. In order to ensure that the NonZeroLi; accounts 
* Once per NR iteration, all of the residual values must be evaluated at once so that their 
maximum and root-mean-square residual values can be found. Column #0 of NonZeroList 
contains a list of all equation numbers and is used for this pmpose. . 
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for every Jacobian element that may ever be nonzero, an auxiliary Iesidual equation is requited that 
is only executed when the NonZeroList is being generated. The flag NonZeroFlag is set true when 
the NonZero List is being built, so the statement "H (NonZeroFlag) Then Rn = y + a +b" would 
ensure that the NonZero List indicates that IeSidual #n may have nonzero partial derivatives with 
respect to y, a, or b. 
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Appendix L 
RACMOD Variable and Parameter Definitions 
Tables L.1 and L.2 contain descriptions of all variables and parameters in the governing equations of RACMOD, based on a typical 
simulation mode configuration. The XK initialization me for, RACMOD is organized with the variables first; followed by the parameters. The 
most important variables m grouped at the beginning, and most other variables m grouped alphabetically. The key parameters are also listed 
first, and all parameters are grouped by component or parameter type. Of course, changing the 'X' and 'K' flags for variable-parameter 
swapping may cause the variables and parameters to become intenningled The variables and parameters are listed in the same order in which 
they appear in the XK initialization file. 
Table L.l Definition of variables used in the room air conditiona- model 
-00 
XKname Definition Typical Umts Com-
Values ponent 
COP coeffiCIent of performance f<X'the room lUI' conditioner 2.69 An 
EER eneJ'RY efficiency ratio for the room air conditioner 9.18 lBtu/hr-W] All 
qEvap total heat transfer rate of the evaporator 17213 [BtuIhr] Evap 
degsubcool de~s of subcoolingat the condenser exit 14.7 f. Cond 
degSUp degrees superheat at the end of the superheated zone of the evaporator ' 22.6 F Evap 
SLsu t degrees of superheat at the end of the suction line 28.3· F ComP 
tsatincomp saturation temperature of the refrigerant entering the compressor 43.8 F: Comp • 
tsatoutcomp saturation temperature of the refriAeraDt exiting the compressor 126.8 :F Cond 
w refrigerant mass flow rate throughout the room air conditioner 242.5 [lbmlhr] An 
PwtComp electrical ~er used by the compressor 552S [W ComP 
qComp heat transfer rate of the compressor to the condenser inlet air stream 2044 [Btu/hr] Comp 
ReVoriRAtio ratio of the heat rejected by the compressor to its power consumption 0.37 Comp 
Acond total refrigerant-side area of the condenser 5.208 ft"2 Cond 
Aevap total refrigerant-side area of the eva 5.289 ftA2 Evap 
asupC refrigerant-side ma of the superheated zone of the condenser 0.567 ft"2 Cond 
a2phC_ ~frigerant-side area of the two-phase zone of the condenser 4.03 [ft"2 Cond 
• !it 
-
-
\0 
asubC refrigerant-side area of the subcoolcd mne of the condenser 0.611 ftA2 Cond 
a2phE refrigerant-side area of the two-phase zone of the evaporator 4.434 !tA2 Evap 
a2DhEdrv portion of a2j)hE which is estimated to be dry - 110 dehumidification 2.802 ftA2 Evap 
a2phEwet portion of a2phE which is estimated to be wet - dehumidification 0 ftA2 Evap 
asupE refrigerant-side area of the superheated mne of the evaporator 0.855 ftA2 Evap 
i caC air mass flow • Cp for the entire condenser airflow 1109.9 Btu/hr-F Cond 
caB air mass flow • Cp for the entire evaporator airflow 606.1 Btu/hr-F: Evap 
casupC air mass flow • Cp for the superheated zone of the condenser 120.7 [Btu/hr-F Cond 
ca2phC air mass flow • CP for the two-phase zone of the condenser 858.8 Btu/hr-F Cond 
ca2~hE air mass flow • Cp for the two-phase zone of the evapoI1ltor 508.1 Btu/hr-I' Evap 
casupE air mass flow • Cp for the SUJl'o'&&A<Ated mne oftbe eva~rator 98 Btu/hr-F: Evap 
crsubC refrigerant mass flow • Cp for the subcooled mne of the condenser 74.9 Btu/hr-I' Cond 
crsupC refrigerant mass flow • Cp for the superheated mne of the condenser 54 Btu/hr-F Cond 
crsupE refrigerant mass flow • Cp for the superheated mne of the evaporator 46 Btu/hr-F Evap 
cmaxsubC maximum heat capacity of the refrigerant and air streams for the subcooled 130.3 [Btu/hr-F] Cond 
zone of the condenser 
cmaxsupC maximum heat capacity of the refrigerant and air streams for the 120.7 [Btu/hr-F] Cond 
superheated mne of the condenser 
cmaxsupE maximum heat capacity of the refrigerant and air streams for the 98 [Btu/hr-F] Evap 
superheated mne of the evaporator· . 
cminsubC minimum heat capacity of the refrigerant and air streams for the subcooled 74.9 [Btu/hr-F] Cond 
zone of the condenser 
cminsupC minimum heat capacity of the refrigerant and air streams for the 54 [Btu/hr-F] Cond 
su.,w~_ted mne of the condenser .. 
cminsupE minimum heat capacity of the refrigerant and air streams for the 45.984 [Btu/hr-F] Evap 
supemeated zone of the evaporator 
esupC heat exchanger effectiveness of the superheated zone of the condenser 0.691 Cond 
e2phC heat exchanger effectiveness of the two-phase zone of the condenser 0.649 Cond 
esubC heat exchanger effectiveness of the subcooled zone of the condenser 0.586 Cond 
e2phE heat exchanger effectiveness of the dry two-phase zone of the evapoI1ltor 0.918 Evap 
elphEwet heat exchanger effectiveness of the wet two-phase zone of the evaporator 0.75 Evap 
esupE I)eat exchanger effectiveness of the superheated zone of the evaporator 0.564 Evap 
fsupC fraction of the condenser which is superheated, on an area basis 0.109 Cond 
f2phC fraction of the condenser which is two-phase, on an area basis 0.774 Cond 
fsubC fraction of the condenser which is subcooled, on an area basis 0.117 Cond 
f2phE fraction of the evapoI1ltor which is two-phase, on an area basis 0.838 Evap 
fsupE fraction of the evaJ)Ol'ator which is superheated, on an area basis 0.162 ] Eval) 
GrC mass flux in one equivalent circuit of the condenser 383016 [lbmJhr-ft2 Cond 
OrE mass flux in one equivalent circuit of the evaporator 113993 [1bm/hr-ft2 Evap 
hO enthalpy of the refrigerant exiting the compress<r 128.3 [Btu/lbm Comp 
hi enthalpy of the refrigerant entering the superheated lOne of the condenser 127.9 Btu/lbm Cond 
h2i enthalpy of the refrigerant entering the two-phase lOne of the condenser 
(saturated vapor) 
113.4 [Btu/lbm] Cond 
h20 enthalpy of the refrigerant exiting the two-phase zone of the condenser 
(saturated liquid) 
46.6 [Btu/lbm] Cond 
h3 enthalpy of the refrigerant exiting the subcooled zone of the condenser 42 Btu/lbm Cond 
h4 enthalpy of the refrigerant entering the capillary tube 42 Btu/lbm Captube 
h7i enthalpy of the refrigerant entering to two-phase zone of the eYcqN£Ator 42 :Btu/lbm Evap 
h70 enthalpy of the refrigerant exiting the two-phase zone of the evaporator 109.2 Btu/lbm Evap 
h9 enthalpy_of the refrigerant exiting the superheated zone of the evapcntor 113 Btu/lbm Evap 
hl0 enthalpy of the refrigerant entering the compreSD' 113.9 [Btu/lbm Comp 
MtotC mass of refrigerant in the entire condenser 0.947 bm Charge 
MtotE mass of refrigerant in the entire evaporator 1.043 bm Charge i 
MsupC mass of refrigerant in the superheated lOne of the condenser 0.035 bm Charge 
-~ 
M2phC mass of refrigerant in the 2~h zone of the condenser 0.626 bm Charge 
MsubC mass of refrigerant in the subcooled zone of the condenser 0.287 lbm Charge 
M2phE mass of refrigerant in the 2ph zone of the evaporator 1.028 Ibm Charge 
MsQpE mass of refrigerant in the su~rheated zone of the evaJ)OJ'at<r 0.014 .bm Charge 
Maa:mn mass of refrigerant in the accumulator 0.005 bm Charge 
Mcaptube mass of refrigerant in the capillary tube 0.006 bm Charge 
Mcomp mass of refrigerant in the compressor 0.244 bm Charge 
MdisUne mass of refrigerant in the discharge line 0.035 bm Charge 
MEheader mass of refrigerant in the evaporator header 0.007 Ibm Charge 
Mlinl.inP. mass of refrigerant in the liquid line 0 Ibm Charge 
MsuctLine mass of refrigerant in the suction line 0.009 Ibm Charge 
mufl viscosity of liquid refrigerant at state point 2 0.414 lbmlft-hr Charge 
mut7 viscosity of liquid refrigerant at state point 7 0.544 lbmlft-hr Charge 
mug2 viscosity of s refrigerant at state paint 2 0.037 lbmlft-hr Charge 
mug7 Viscosity of s refrigerant at state paint 7 0.03 Ibmlft-hr Charge 
~ pressure of the refrigerant exiting the compress<r 301.1 psia Comp 
pi pressure of the refrigerant entering the superheated zone of the condenser 301.1 :psia Cond 
p2i pressure of the refrigerant entering the two-phase zone of the condenser 299.7 psia Cond 
p2avg average saturation pressure of the two-phase zone of the condenser 292.4 [psia Cond 
p20 pressure of the refrigerant exiting the two-phase zone of the condenser 285 :psia Cond 
1'3 pressure of the refrigerant exiting the subcooled zone of the condenser 284.9 .psia Cond 
p4 pressure of the refrigerant entering the capillary tube 284.9 lPsia] Captube 
p7i pressure of the refrigerant entering the evaporator 91.2 [psia Evap 
p7avg average saturation pressure of the two-phase zone of the evaporator 90.4 .psia Evap 
p70 pressure of the refrigerant exiting. the two-phase zone of the evaporator 89.6 .psia Evap 
p9 pressure of the refrigerant exiting the superheated zone of the evaporator 89.4 .psia Evap 
plO pressure of the refrigerant entering the compressor 89 .psia Camp 
qCond total heat transfer rate of the condenser 20814 Btu/hr Cond 
qspray latent heat transfer associated with the condensate spray on the condenser 0 Btu/hr Cond 
qsupC heat transfer rate of the superheated zone of the condenser 3512 Btu/hr Cond 
q2phC heat transfer rate of the two-phase zone of the condenser 16202 Btu/hr Cond 
qsubC heat transfer rate of the subcooled zOne of the condenser 1100 Btu/hr Cond 
'q2phE heat transfer rate of the two-phase zone of the evaporator 16285 Btu/hr Evap 
Iq2phEdry heat transfer rate of the dry two-phase zone of the evaporator 10723 Btu/hr Evap 
q2phEwet heat transfer rate of the wet two-phase zone of the evaporator 0 BtuIhi Evap 
-N q2phEwedat portion of q2phEwet caused by latent heat transfer 0 BtuIhi Evap 
- q2phEwetsns portion of q2phEwet caused by sensible heat transfer 0 Btu/hr Evap 
-qsupE heat transfer rate of the superheated zone of the evaporator 928 Btu/hr Evap 
qgainAccum heat transfer rate in the accumulator required to ensure a quality of 1 at the 0 [Btu/hr] Camp 
compressor inlet 
rhot2 density of liJluid refrigerant at state POint 2 67.1 Ibm/ft"3 Charge 
rhoB density of liquid refrigerant at state point 3 68.6 Ibm/ft"3 Charge 
rhof5 density of liquid refrigerant at state point 5 74.5 bm/ft"3 Charge 
rhot7 density of liquid refrigerant at state POint 7 78.5 Ibm/ftA3 Charge 
rho-,1 density of gaseous refrigerant at state point 1 8.9 Ibm/ftA3 Charge 
rhog2 density of gaseous refrigerant at stateJlOJnt 2 5.5 Ibm/ft"3 Charge 
rhog5 density of gaseous refrigerant at state point 5 2.7 Ibm/ft"3 Charge 
rhog7 density of gaseous refrigerant at state point 7 1.6 Ibm/ft"3 Charge 
rho7avg average densi!y of two-phase refrigerant at state point 7 7 Ibm/ftA3 Charge 
rhog9 density of gaseous refrigerant at stateJXl.-int 9 2 Ibm/ft"3 Charge 
rhogl0 density of gaseous refrigerant at state pojnt 10 2.3 Ibm/ft"3 Charge 
to refrigerant temperature exiting the compressor 193.7 [F Comp 
tl refrigerant tem entering the condenser 191.8 [F Cond 
t2i refrigerant tern entering the two-phase zone of the condenser 126.8 [F: Cond 
t2avg avera~ saturation temperature of the two-phase zone of the condenser 124.S l~ Cond 
120 refrigerant temperature exitin-, the two-phase zone of the condenser 122.8 
.14 Cond 
t3 refrigerant temperature exiting the condenser 108.1 F Cond 
t4 refrigerant temperature entering the capillary tube lOS. 1 F Captube 
t7i refrigerant temperature entering the evaporator 45.2 f Evap 
t7avg average saturation temperature in the two-phase zone of the evaporator 44.7 .F Evap 
t70 refrigerant temperature exiting the two-phase zone of the evaporator 44.2 .~ . Evap 
t9 refriaerant tem~Jure exiting the evaporator 66.9 IF Evap 
tl0 refrigerant temperature entering the compressor 72.1 [F Comp 
tafanoutC temperature of air leaving the condenser fan, immediately before entering 97.7 . [F] Cond 
the condenser 
tasQPoutC air temperature exiting the superheated zone of the condenser 126.S [~ Cond 
talphoutC air temperature exiting the two-phase zone of the condenser 116.6 [F Cond 
tasuboutC airte exiting the subcooled zone of the condenser 106.2 [F Cond 
taoutC air temperature exiting the condenser, assuming all three zone air stteams 116.5 [F) Cond 
are mixed 
TainE air Lature entering the evaporator SO F Evap 
-tj TainEwet air temperature entering the wet two-phase zone of evaporator 53.2 F Evap talphoutE air temperature exiting the two-phase zone of the evaporator 4S.1 F Evap 
tasupoutE air temperature exiting the superheated zone of the eva 70.5 F Evap 
taoutE air temperature exiting the evaporator, assuming. that both zone air stteams 
are mixed 
51.7 [F] Evap. 
tafanoutE air ~nmera,ture exiting the evaPQ1!ltor fan and enterina the room 52.1 [F] Evap 
usupC overall heat transfer coefficient in the superheated zone of the condenser 152 Btu/hr-ft"2-F Cond 
ulpjlC overall heat transfer coefficient in the two-phase zone of the condenser 223·.3 Btu/hr-ft'\2-F Cond 
usubC overall heat transfer coefficient in the subcooled zone of the condenser 147.8 Btu/hr-ft"2-F Cond 
u2pbE overall heat transfer coefficient in the dry two-phase zone of the 15S.2 [Btu/hr-ft"2-F] Evap 
evaporator 
u2pbEwet overall heat transfer coefficient in the wet two-phase zone of the 
evaporator, pseudo-constant 
241.1 [Btu/hr-ft"2-F] Evap 
usupE overall heat transfer coefficient in the superheated zone of the evaporator 56.4 Btu/hr-ft"2-F] Evap 
vdotaC actual volume air flow rate passing through the condenser, with 1112 [cfm) Cond 
recirculation 
mdotaC mass flow rate of air passing through the condenser 4624 [lbm/hr] Cond 
mdotaE mass flow rate of air passing_through the evaporator 2525 [lbmlhr) Evap 
TubeLenC length of tubing m condenser per equivalent circuit 51.4 [ft) Cond 
TubeLenE 
Vcond 
Vevap 
VRtrnBndC 
VRtrnBndE 
Vcap 
Vdisc 
Vli~ 
WgC 
WgE 
WgheadCi 
x20 
x4 
x7i 
x70 
DeltaP 
.-~ Pcrltcap 
xcritcap 
MWR 
tsurtEi 
tsurfEo 
wairEi 
wairEo 
wsurfEi 
wsurfEo 
le~ of tubing in evaporator per equivalent circuit 
volume of the condenser, excluding return bends 
volume of the evaporator, excluding return bends 
volume of a condenser return bend 
volume of a evaporator retm'n bend 
volume of the cllILiUII!Y tube 
volume of the discharge line 
voimneof the liquid line 
heai~l1uX:llveragea void fraCtion in the condenser 
heat-flux-averaged void ~tioninth~ evapoJ'l!tor 
Iieat:flux:averB-,-ed void fraction in the evaporator header 
QualitYat iheendof the 2ph mIle of the condenser 
i Quality at state point 4, tI1e_~pi~tube entrance 
lquality at the evaporator entrance 
I Qualfty aithe elld of the 2ph mne of the evaporator 
pressure step taken inthe twO-Ph- pOrtion of the capillary tube (ACRC 
captube model only) 
criticaIjiressure lii the exit section of the-capillary tube (ACRe captube 
modelonll1 
critic81 quality 10 the exifieCuon of the capillary tube (ACRC captube 
modelonl~ 
mass of water removed from the air by the evaporator 
temperature of the leading edge of the eVaporator coilin the event that the 
coil is fully, or nartiallv wet . 
smace temperature ofdie trailing edge of the eVaporatoiCoil in the event 
that the coil is full---,-wet 
humiditY-ratio of the blllkmenterliig the evaporator coil 
Ilumidity ratio of the bulk air leaving the evaporator coll 
humidity ratio of the air near evaporator Smfllce entering the coil 
humidity ratio of the air near evaporator surface leaving the coil 
18.7 
0.036 
0.04S 
o 
o 
o 
0.004 
o 
0.72 
0.668 
0.93 
o 
o 
0.2.18 
I 
8 
91.2 
0.196 
o 
41 
46.S 
0.00222 
0.00222 
0.00202 
0.00202 
[ft 
ftl\3 
ftl\3 
ftl\3 
ftl\3 
ftl\3 
[ft1\3 
ftl\3 
[psia] 
[psia] 
[] 
[lbm/hrJ 
[F] 
[F] 
[lbm H20/lbm 
of air] 
[ibm H20JlOOi 
of air] 
[Ibm H20/lbm 
of air] 
[Ibm H20/lbm 
of air] 
Evap 
~arge 
Otarge 
Charge 
Charge 
Char-,-e 
Char~ 
Olarge 
Charge 
Olarge 
Charge 
Cond 
Captube 
Ev~ 
Evap 
Captube 
Captube 
Captube 
Evap 
Evap 
Evap 
Evap 
Evap 
Evap 
Evap 
-~ 
All of the "pseudo-constants" in the parameters are grouped at the end. The tenn "pseudo-constant" is defmed in Section J.1.1 and 
refers to intermediate variables in the equations that are not needed as NR variables. Pseudo-constants are included with the parameters only 
for convenience in reporting their values. Specifying the value of a pseudo-constant in the XI{ file will have no effect and pseudo-constants 
may not be involved in variable-parameter swapping. 
Table L.2 Definition of parameters used in the room air conditioner model 
XKname Definition Typical Uruts Com-
Values panent 
Toutdoor L~ture oflhe outdoor room 80 FJ COl!d 
Tindoor of the indoor room 95 F Evap 
RhaiC relative humidity of the air entering the condenser 0.42 Cond 
RhaiE relative humidity of the air entering the evaporator 0.1 Evap 
vdotaCmea.c measured volume flow rate of air passing through the condenser, 
assuming no recirculation 
1090 [cfm] Cond 
vdotaH actual volume air flow rate passing through the evaporator, with 560 [cfm] Evap 
recirculation 
PwrFan total fan power required by the condenser and evaporator 227 [W] Cond ' 
tFanE fraction of the total fan power added to the air stream after the evaporator 0.3 Evap 
frecircC fractiOn of condenser outlet air that is recirculated to the its inlet_grille 0.04 Cond' 
.,)nt fraction of condenser outlet air that is recirculated back into its outlet grille, 0 [] Cond 
"internal" recirculation 
fraction of evaporaJOr outlet air that is recirculated to the its inlet grille ' 0 Evap 
,SprayEtI a constant for condensate spray heat transfC2" enhancement calculation 0.55 Cond 
MtntDl total refrigerant charge 1.875 [Ibm] Otarge 
C&pTubeSelect selects captube I=ACRC, 2=ASHRAE, negative 1== design mode, i.e. no 
captube, and degsup=abs(CapTubeSelect) 
1 [] Captube 
UgainSl · suction line heat conductance 5 [BtuIhr-ft2-~ Suclin 
UlossDL · eel discharge line heat conductance 17.1 lBtuIhr-ftl-F Disclin 
Ulossu.. · liquid line heat conductance 0 BtuIhr-ft2-~ Liqlin 
J,J.I\COlDP area averaged heat transfer coefficient for the compressor shell 24, [Btu/hr-F] Comp 
patm aunospheric pressure 14.24 [psia] 
-
CFaC correction factor for condenser air-side heat transfer coefficient 1.18 [ Cond 
ARrC area ratio for condenser microfin tubes - ratio of microfin internal surface 1.6 [] Cond 
area to the smooth tube surface area with maximum diameter ' 
----------- -- ---
CFaE correction factor for evaporator air-side heat transfer coefficient 1 Evap 
ARrE area ratio for evaporator microfm tubes - ratio of microfin internal sUIface 1.6 [ ] Evap 
area to the smooth tube sUIface area with maximum diameter 
PFrC refrigerant-side pressure drop penalty factor for the condenser 1.37 Cond 
PFrE refrigerant-side pressure drop penalty factor for the condenser 1.37 Evap 
typeE .. selects evaporator air-side correlation l=plain, 2=louvered, 3=wavy 3 Evap 
. typeC selects condenser air-side correlation 1~lain, 2=louvered, 3=wavy 2 Cond 
NsE number of louvers per tube for evaporator, if louvered 0] Evap 
LsE length of louvers in the air flow direction for evaporator, if louvered 0 ft Evap 
SsE length_ of louvers transverse to air flow for evaporator, if louvered 0 ft] Evap 
N sC number of louvers per tube for condenser, if louvered 3] Cond 
LsC length of louvers in the air flow direction for condenser, if louvered 0.00283 ft Cond 
S sC length of louvers transverse to air flow for condenser, if louvered 0.0367 [ft Cond 
wmapCor multiplicative correction factor for the compressor mass flow map 1 Comp 
. pwrmap~or multiplicative correction factor for the compressor power map 1 Comp 
en unimplemented, possible captube COlTective factor 1 Captube 
(,12 unimplemented, possible captube corrective factor 0 [1 :;) Captube 
-~ NumCaps number of parallel capillary tubes in the unit 3 Captube Leap length of the capill8!}'tube 46 in Captube 
Dcap inside diameter of the capillary tube 0.049 in Captube 
Dsuct inside diameter of the suction line 0.04625 ft Suclin 
Ddisc inside diameter of the discharge line 0.02592 ft DisLin 
_Dliq inside diameter of the liquid line 0.02237 ft Liqlin 
Dine inside diameter of the condenser tubing 0.025 ft Cond 
DinE inside diameter of the eva~rator tubing 0.03005 ft Evap 
DoutC outside diameter of the tubing of the condenser 0.0271 ft Cond 
IlnntR outside diameter of the tubing of the evaporator 0.0325 ft Evap 
I N1nl discharge line_~uivalent lenfnh (for pressure drop) 2.3 ft Disclin 
I Pfli .I liquid line equivalent length for pressure drop) 0.41 ft] Liqlin 
I I"nSI suction line equivalent length (for pressure drop) 3.76 ft Suclin 
AfrontC Frontal area of crossflow condenser 2.752 [ft"2] Cond 
AfrontE 'Frontal area of crossflow evaporator 1.55 [ft"2] Evap 
.... J number of equivalent circuits in the condenser 1.29 Cond 
FI number of equivalent circuits in the evaporator 3 Evap 
TubeRowsC number of tubes in the airflow direction of the condenser 2 Cond 
TubeRowsE number of tubes in the airflow direction of the evaporator 3 Evap 
HtubeDistC horizontal tube spacing in the airflow direction of the condenser 0.0521 ft Cond 
HtubeDistE horizontal tube spacing in the airflow direction of the evaj)Ol'ator 0.0483 ft Evap 
VtubeDistC vertical tube spacing in the condenser 0.0833 ft] Cond 
Vtunf'll ncr~. vertical tube spacing in the evaporator 0.0833 ft Evap 
LRtmBndC length of a condenser return bend 0.125 ft Cond 
LRtmBndE length_of an evaporator return bend 0.132 ft Evap 
I NumRtbC number of return bends in the condenser 34.5 Cond 
.l'lUIlJAtbE number of return bends in the evaporator 38 Evap 
FmPtchC fin ~itch of the fins on the condenser 192 fins/ft Cond 
.1: fin pitch of the fins on the evaporator 192 fins/ft Evap A '&aU- ",au.;, 
FinThC thickness of the condenser rms 0.000417 ft Cond 
FinThH thickness of the evaporator fins 0.000375 ft Evap 
rough tubing roughness for calculating pressure drop in various components 0.000005 1ft AU 
Kfin( thennal conductivity of the fins in the condenser 128.3 Btu/hr-F-ft Cond 
KtubeC thennal conductivity of the tubing in the condenser 227 Btu/hr-F-ft Cond 
.~ thermal conductivity of the fins in the evaporator 128.3 Btu/hr-F-ft Evap 
KtubeE thermal conductivity of the tubing in the evaporator 227 Btu/hr-F-ft Evap 
-~ Vaccwn volume of the accumulator 0.0238 ftl\3 Charge Vcomp volume of the compressor 0.0388 ft"3 Charge 
VI volume of the eV8llfJl1ltor header 0 ftl\3 Charge 
Wgcaptube void fraction in the capillary tube 0.5 Charge 
lcomp irreversibility generated in the compressor, pseudo-constant 2047 Btulhr Irrev 
Icond irreversibility generated in the condenser, pseudo-constant 1709 Btu/hr Irrev 
Ievap irreversibility generated in the evaporator, pseudo-constant 1565 BtuIhr Irrev 
IPlpeS irreversibility generated in connecting lines and capillary tube, pseudo- 500 [Btu/hr] Irrev 
constant 
ltot total irreversibility generated in the system, pseudo-constant 5821 BtuIhr Irrev 
pdsupC pressure drop in the superheated zone of the concienser,pseudo-constant 1.38 [psia Cond 
nrl'.1.nh( pressme drop in the two-phase zone of the condenser, pseudo-constant 14.64 [psia Cond 
.pdsubC pressure drop in the subcooled zone of the condenser, pseudo-constant 0.19 [psia Cond 
1V1LnnH. pressure drop in the two-phase zone of the evaporator, pseudo-constant 1.57 [psia Evap 
pdsupE pressme drop in the superheated zone of the evaporator, pseudo-constant 0.26 :psia Evap 
pdsuctline pressure drop in the suction line, pseudo-constant 0.37 .psia Suclin 
nnnlCnne pressure drop in the discharge line, pseudo-constant 0.03 .psia Disclin 
ndlioline pressure drop in the liquid line, pseudo-constant 0 :psia Liqlin 
taEwet bulk air temperature in evaporator at which water begins to condense, 
pseudo-constant 
-49 [F] Evap 
Kcntact contact conductance, pseudo-constant 96322 [Btu/hr.;F] Evap 
AairE total evaporator air-side area, pseudo-constant 69.113 [ft"2] Evip 
LpaEw . c heat of moist air flowina over evaporator. pseudo-constant 0.241 (BtuIlb-h-F] Evap 
haC .. condeliser air-side heat transfer coefficient, pseudo-constant 6.7 Btu/hr-ft"2-F Cond 
haE evaporator air-side heat transfer coefficient, pseudo-constant 14.13 Btu/hr-ft"2-F] Evap 
hREw evaporator air-side heat transfer coefflCient for wet two-phase zone, 20.35 [Btu/hr-ft"2-F] Evap 
pseudo-constant 
h2phH evaporator refrigerant-side heat transfer coefficient for two-phase zone, 801.78 [Btu/hr-ft"2-F] Evap 
nseudo-constant 
hrefsurf evaporator refrigerant to smface heat transfer coefficient for two-phase 
zone, pseudo-constant 
754.65 [Btu/hr-ft"2-F] Evap 
hfg enthalpy of vll1X>rization for water, llseudo-constant 1063.6 [BtuIh-Ib] Evap 
RenE evaporator air Reynold's nmnber based on characteristic length of 
effective diameter (Douffi+2.FinThE), accounting for fm collar thickness, 
1656.4 [] Evap 
llseudo-constant 
-~ 
Rene condenser air Reynold's number based on characteristic length of 1393.9 [] Cond 
effective diameter (DoutC+2·FinThC), accounting for fin collar thickness, 
pseudo-constant 
RairE air-side heat transfer resistance for dry evaporator, nseudo-constant 0.00374 hr-ft"2-FlBtu Evap 
RmEw air-side heat transfer resistance for wet evaporator, llseudo-constant 0.00282 hr-ft"2-FlBtu Evap i 
RI"ntMR contact resistance for dry evaporator, pseudo-constant 0.0000103 hr-ft"2-FlBtu Evap 
RI"ntMRw contact resistance for wet evaporator, pseudo-constant 0.0000077 hr-ft"2-FlBtu Evap 
RtubesE heat transfer resistance for refrigerant tubes and fins, llseudo-constant 0.00007 hr-ft"2-FlBtu Evap 
seftEw sUlface efficiency for a wet evaporator fin, pseudo-constant 0.9 [ ] Evap 
Appendix M 
RACMOD Subroutine and Function Descriptions 
RACMOD is organized into several files which are compiled using a "make" file that 
automatically compiles and links the subroutines in the various files along with the subroutines and 
files from the ACRC solver. The use of "include" files within various subroutines is discussed in 
Section K.2.l. 
Table M.l RACMOD file structure and subroutine descriptions 
File or Subroutine ~~pnon 
Name 
INITMUD.f This file contains subrounnes used m the 1D1 onofRACMOD 
InitializeModel Reads XI{ initialization file, generates Xmap, asks if NonZeroList should be 
rebuilt and calls CreateNonZeroList or ReadNonZeroList accordingly 
CreateNonZeroList Calculates the Jacobian, builds the NonZeroList, and saves it to a file 
ReadNonZeroList Reads the NonZeroList from the flle "NONZEROL.lST" 
EQNS.f This file contains CalcR for RACMOD 
CalcR Calculates residual values of the governing equations using sparse-matrix 
Gaussian elimination 
EQNSUBS.f This file contains several subroutines that are used by the governing 
equations of RACMOD 
CaptubeAshrae Calculates mass flow through the capillary tube based on the ASHRAE 
cmve-fit model 
CaptubeACRC This subroutine is used to solve the ACRC finite difference capillary tube 
model (See Section J .5) 
fColebrook Colebrook mass-weighted two-phase friction factor correlation 
fColebrookD Colebrook-Dukler two-phase friction factor correlation 
fColebrooksin Colebrook single-phase friction factor correlation 
FindWet This subroutine is used to solve the evaporator dehumidification analysis, 
based on the analysis in the ORNL code 
Pwrmap Compressor power map 
Wmap Compressor mass flow map 
Wact Calculates compressor mass flow based on Wmap and the suction line 
superheat correction from the ORNL code 
Pwract Calculates compressor power based on Pwnnap and the suction line 
superheat correction from the ORNL code 
sfunet function for finding temperature as a function of entropy and pressure, 
equals zero when the teUlfA'A.iUW~ has been found Used by Pwract 
zero A single variable Newton-R3J!hson solver used by Pwract 
Thom Retmns Thorn void fraction 
GLQuad Returns the refrigerant gas density weighting factor (Wg)·using Thorn void 
fraction correlation and Gaussian-Legendre QUadrature integration 
KH Retmns parameter used by Hughmark void fraction correlation in 
GLIntegrate 
GLIntegrate Returns the refrigerant gas density weighting factor (W g) using Hughmark 
void fraction correlation and Gaussian-Legendre Quadrature integration 
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FUNCTION.f This file contains numerous functions used by the governing equations of 
RACMOD 
pi Returns the value for Jt 
FK Converts Fahrenheit to Kelvin 
iff A function that replicates a one-line if-then structure found in EES 
e2p Retmns the effectiveness of a two-phase heat exchanger 
ecrossflow Returns ClOSS flow heat exchanger effectiveness, taken &om Incropera and 
DeWitt 
ha Returns the enthalpy of air given the tore (BtuIlbm) 
va Returns the specific volume of air given the temperature and pressme 
(ft"3Ilbm) 
cpa Retumsthe . heat of air given the (Btu/(lbm-R» 
mua Returns the viscosity of air given the tore (lblnl(ft-hr» 
lea Returns the thermal conductivity of air given the tore (Btu/(hr-ft-F» 
ReAir Returns the Reynolds number of air given the tem.perat1IIC, mass flux, and 
diameter 
PrAir Returns the Prandtl number of air given the temperature given the 
Cpl Returns the specific heat of saturated liquid refrigerant given the temperature 
(Btu/(lbm*R» 
Cpv Returns the specific heat of saturated vapor refrigerant given the temperature 
(Btu/(lbm-R» 
ld Returns the thermal conductivity of saturated liquid refrigerant given the 
(Btu/(hr-ft-F» , 
lev Returns the thermal conductivity of saturated vapor refrigerant given the 
~cu.un;; (Btu/Chr-ft-F» 
mul Returns the viscosity of saturated liquid refrigerant given the temperature 
(lbmlhr-ft) , 
muv Returns the viscosity of saturated vapor refrigerant given the temperature 
(lbmJhr-ft) 
ReI Returns the Reynolds number of saturated liquid refrigerant given the 
tore, mass flux, and diameter 
Rev Returns the Reynolds number of saturated vapor refrigerant given the 
, ~_IA'" mass flux, and diameter 
Prl Returns the Prandtl number of saturated liquid refrigerant given the 
LaLW~ given the tore 
Prv Returns tlte Prandtl number of saturated vapor refrigerant given the 
given the tore 
hdbw Returns the enthalpy of moist air given dry-bulb temperature and humidity 
ratio (Btu/lbm) 
Humrat Returns the humidity ratio given temperature, pressure, and relative 
humidity. 
Tdp Returns the dew-point temperatme of moist air given temperature, humidity 
ratio, and ~ssure (~l 
PVSF Returns the partial pressure of water vapor in saturated air (Psi) 
VolMoist Returns, the .specific volume of moist air given tem.perat1IIC, pressure, and 
relative humidity 
-
vap Returns the heat 'of vaporization for water (valid for temperatures from 3SOP 
to 80 OP. 
UsCond This subroutine calculates the superheated, two-phase, and subcooled overall 
heat transfer coefficients for the condenser, based on geometric parameters 
· ... 00 in the input file 
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UsEvap This subroutine calculates the superheated and two-phase overall heat 
transfer coefficients for the evaporator, based on geometric parameters 
.... cd in the input file 
bliq Returns the refrigerant side liquid heat transfer coefficient (using Dittus 
Boelter correlation) 
hvap Returns the refrigerant side vapor heat transfer coefficient (using Dittus 
Boelter correlation) 
SPHTC This subroutine determine singles phase heat transfer coefficients and 
reynolds numbers in laminar, transition, or turbulent gas flow from an abrupt 
contraction entrance (from ORNL code} 
h2phcondACRC Returns the tw~phase heat transfer coefficient for the condenser (based on 
correlation by ChatolDobson at ACRe) 
h2phevapACRC Returns the two-phase heat transfer coefficient for the evaporator (based on 
correlation by ChatolWattelet at ACRe) 
OITC This subroutine determines the forced convection condensation tw~phase 
heat transfer coefficient for flow in tubes (from ORNL code} 
SurfEff Returns surface effectiveness for given geometry, (from ORNL code) 
hair Returns air side heat transfer coefficient in (BtuIhr-ftA2-F) for a fin and tube 
heat exchanger, (from the ORNL code) . 
ERROR This subroutine is used by CHTC 
pd2phACRC Returns the pressure drop for a tw~phase zone of a heat exchanger 
(developed by ACRC) 
Xtt Retmns the Lockhart-Maninelli parameter 
dptpHX Returns the pressure drop for a tw~phase zone of a heat exchanger (taken 
from ORNL code) 
Z Returns the frictional multiplier for calculating pressure drop (based on data 
taken from ORNL code) 
ZZ Returns the accelerational multiplier for calculating pressure drop (based on 
data taken from ORNL code) 
dpspHX Returns the pressure drop for a single-phase zone of a heat exchanger (taken 
from ORNL code) 
dpsuction Returns the pressure drop for the suction line (taken from ORNL code) 
Moody Returns the Moody friction factor (explicit form of correlation taken from 
ORNLcode) 
beta Returns the absorbtivity of water, used for subcooler correlation (1(-1) 
Prw Returns the Prandd number for water, used for subcooler correlation 
eta Returns the Idnematic viscosity of water, used for subcooler correlation 
(nll/s) 
kw Returns the thermal conductivity of water, used for subcooler correlation 
(BtuIh-ft-Of) 
CHECKMOD.f This flle contains the subroutines used for initial, boundary, and final 
checldng for RACMOD 
IC Otecks for tw~phase condenser and evaporator exits and capillary tube 
entrance and se~ the flags Cond2phX, Evap2phX, and Cap2pbln 
accmdingly 
BC Otecks to see if the phase status at the condenser and evaporator exits and 
capillary tube entrance have changed and sets the flags Cond2phX._ 
Evap2phX. and Cap2phIn accordingly 
FC Calculates irreversibilities that are output as pseudo-constants 
PROPFNCT.f This file contains functions that interface with REFPROP 
Initial This subroutine initializes the IJIUJJClLY routines and selects a refrigerant 
xbt Returns the quality of saturated refrigerant given enthalpy and te 
xbp Returns the quality of saturated refrigerant given enthalpy and pressure 
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htpsub Retmns the enthalpy of subcooled liquid given temperature and pressure 
(BtuIlbm) 
PsatT Retmn the refrigerant saturation pressme given the temperature (psi)" 
TsatP Retmn the refrigerant saturation tem L~ given the pressure _(f) 
hpt Retmn the enthalpy of subcooled or superheated refrigerant given pressure 
and tore (BtuIlbm) 
htx Returns the enthalpy of saturated refrigerant given temperature and quality 
(BtuIlbm) 
bpx Retmns the enthalpy of saturated refrigerant given pressure and quality 
(BtuIlbm) 
vpx Retmns the specific volume of saturated refrigerant given pressure and 
nmllitv (ftA3/lbm) ..
vtx Returns the specific volume of saturated refrigerant given temperature and 
Quality (ftA3Ilbm) 
vpt Retmns the specific volume of saturated refrigerant given pressure and 
tem~ture (ftA3Ilbm) 
saturation This subroutine calculates the saturation L ~es given the pressure. 
xph Retmns the Quality given the pressure and enthalpy 
CvPT This subroutine finds the constant volume and pressure specific heat and the 
velocity of sound given the temperature and pressure, only for the 
superheated and subcooled regions '. 
CvPsat This subroutine finds the constant volume and pressure specific heat and the 
velocity of Sound of saturated vapor and liquid given the saturation pressure 
spt Retmns the entropy for subcooled liquid or superheated vapor given the 
teu.JJA'UU.W~ and pressure (BtuIlbm-R) 
spx Returns the entropy for subcooled liquid or superheated vapor given the 
Quality and pressure (BtuIlbm-R) 
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AppendixN 
Compressor Map Curve Fitting Routine 
N.t Description 
In Older to aid the designer in changing COIDpIeSSQl' maps in the simulation model, a 
program was developed to quickly calculate coefficients for the quadratic curve fits of these maps. 
located in the file FTI'MAPS.f. Nine data points from the compressor map are specified in die 
input file, COMPDATA. The output file created by this program. MAPCOEFF, is then used as an 
input file to the full simulation model. 
The program consists of a simple Newton-Raphson routine to calculate nine coefficients for 
both the mass flow and compressor power curve fits given nine data points from each. Equations 
N.3.1 and N.3.2 shows the form of the curve fit. 
N.3.1 
N.3.2 
where TE and TC are the evaporating and condensing saturation temperatu!es. respectively. 
The cmve fit coefficients estimated with this routine were oompared to those provided by 
the manufacturer for one of our compressors. The mass flow was predicted to within 0 . .5" of the 
manufacturer curve fit when extrapolated to .5 ~ beyond the range of condensing and evaporating 
temperatures specified in the data. This accuracy should be well within the requirements of most 
simulations. 
If a more accurate CUlVe fit is required, another curve fitting routine can be used to obtain 
them. If the form Qf the cmve fit is ever changed, it also needs to be changed in the simulation 
model. The location of the curve fits in the simulation model are the FWlCtions WMAP and 
PWRMAP, in the file EQNSUBS.f. The cUlVe fit coefficients are read by the system simulation 
model in Subroutine INlTIALIZEMODEL, in the file INITMOD.f. 
N.2 Input and Output Files 
The form of the input file and output file for the Compressor Map Curve Fitting ~outine is 
shown below. A full source code listing of this CUlVe fitting routine is provided in Appendix P 
(FITMAPS.f). 
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cc carpressor Map Input File 
CC Program CUrrently set up for 9 points 
CC adding more points will require code modification 
ex; Tevap Tcarxi Nrap Pwnnap 
*********** 00 NOT DEIETE THESE· FIRST FIVE LINES! *************** 
35 100 216 1152 
45 100 266 1194 
55 100 323 1202 
35 120 203 1466 
45 120 253 1512i 
. 
55 120 308 1517 
35 140 191 1778 
45 140 240 1842 
55 140 291 1889 
Figure N.l Compressor map curve fit routine input file 
******************************************************* 
** Carpressor Map Coefficient Input. File ** 
** w1,w2, etc. are Mass Flow coefficients [ll::m/h] ** 
** p1,P2, etc. are Power coefficients [W] ** 
******************************************************* 
w1 = 
w2= 
w3 = 
w4 = 
w5 = 
w6 = 
w7 = 
w8 = 
w9 = 
p1 = 
p2 =" 
p3 = 
p4= 
p5= 
p6 = 
p7 = 
p8 = 
p9 = 
0.1893E+03 
0.2700E+01 
0.1000E-01 
-.5094E+00 
-.4250E-01 
0.8750E .... 03 
-.4219E-02 
0.3750E-03 
-.6250E-05 
0.2410E+04 
-.1632E+03 
0.2330E+01 
-.4087E+02 
0.3185E+01 
-.4438E-01 
0.2414E+00 
-.1375E-01 
0.1938E-03 
[in l.tJn/h] 
[in l.l::m/h] 
[in l.l::m/h] 
[in ll:m/h.3 
[in l.l::m/h] 
[in l.l::m/h] 
[in l.l::m/h] 
[in l.l::m/h] 
[in l.l::m/h] 
[in Watts] 
[in Watts] 
[in Watts] 
[in Watts] 
[in Watts] 
[in Watts] 
[in Watts] 
[in Watts] 
[in Watts] 
Figure N.2 Co~sor map curve fit routine output flle 
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